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RadioNuclide (RN) Package
Reference Manual

The RadioNuclide (RN) package models the behavior of fission product aerosols and
vapors and other trace species, including release from fuel and debris, aerosol dynamics
with vapor condensation and revaporization, deposition on structure surfaces, transport
through flow paths, and removal by engineered safety features.  The package also allows
for simplified chemistry controlled by the user.

Boundary conditions for the various models are obtained from other MELCOR packages:
fluid conditions are obtained from the Control Volume Hydrodynamics (CVH) package, fuel
and debris temperatures are obtained from the Core (COR) and Cavity (CAV) packages,
and structure surface temperatures are obtained from the Heat Structures (HS) package.
The COR and CAV packages also provide information regarding bulk debris relocation,
allowing the RN package to perform relocation of unreleased fission products in parallel.
Likewise, advection of radionuclides between control volumes is done using CVH flows,
and wash-off of radionuclides deposited on heat structures is determined from drainage
of water films calculated by the HS package.  The RN package determines decay heat
power for current radionuclide inventories from the Decay Heat (DCH) package when
requested by each of these packages.

This document describes in detail the various models incorporated in the RN package in
MELCOR.  Details on input to the RN package can be found in the RN Users’ Guide.
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1. Introduction

Since MELCOR is intended as a tool for probabilistic risk assessment (PRA), it must
account for the release and transport of radioactive fission products that upon release to
the environment become the source term, which is one major product of the overall
accident calculation in MELCOR.  Source terms are then used to calculate consequences
as the end product of the PRA.  Such processes as thermal-hydraulics and core
degradation are calculated in MELCOR to support calculation of the source term.

The RadioNuclide (RN) package in MELCOR calculates the release and transport behavior
of fission product vapors and aerosols.  Most of the models and concepts included in the
RN package are discussed in detail in the fission product phenomena assessment report
prepared at the beginning of MELCOR development [1].  Only a brief overview of the
concepts and models is included in this section; Section 2 contains detailed descriptions
of the models used in the RN package.

As a source term code, MELCOR is especially concerned with those fission products (and
daughters) released during an accident, which are particularly important for determining
consequences and risks.  However, to model the transport of these important fission
products properly, it is necessary to model the transport of other mass that affects the
transport of radionuclide mass.  For example, radiocesium will exist as CsOH, so the mass
of the hydroxide must be modeled, and if the CsOH aerosol interacts with concrete or
water aerosols, the transport and thus the mass of the latter must also be modeled.
Accordingly, MELCOR treats the molecular forms of all important fission products and also
models the transport of all nonradioactive masses (water and concrete or other structural
aerosols) with which fission products may interact.  Therefore, in this manual the term
radionuclide is generally taken to mean all masses, both radioactive and nonradioactive
masses, that affect fission product transport.

Rather than tracking all fission product isotopes, the masses of all the isotopes of an
element are modeled as a sum; that is, the total element mass, not its individual isotopes,
is modeled.  Furthermore, elements are combined into material classes, groups of
elements with similar chemical behavior. Fifteen material classes are typically used,
thirteen containing fission products, plus water, and concrete oxides.  Combination of
classes to form new classes upon release, such as Cs + I to CsI, is permitted.  The decay
heat power per unit initial mass for each class is determined by the Decay Heat (DCH)
package based on the class compositions.

Initial radionuclide inventories for each class are generally based on whole-core inventories
calculated using the ORIGEN code [2, 3], and distributions may be specified for the fuel
in the core, the fuel-cladding gap, any initial cavity debris, and the atmosphere and pool
of any control volume.  Until released as vapors or aerosols, fission products within the fuel
are transported with the fuel as it relocates from core cell to core cell or is ejected to the
reactor cavity.  The decay heat power from radionuclides contained in a control volume,
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both those that are gas borne and those deposited on heat structure surfaces or contained
in water pools, can be apportioned among the atmosphere, surfaces, and pools according
to specifications supplied by the user, thus allowing the different penetrating powers of α ,
β , and γ  radiation to be modeled appropriately.  Radiation is allocated to various surfaces
in the control volume on the basis of area.

Release of radionuclides can occur from the fuel-cladding gap by exceeding a failure
temperature criterion or losing intact geometry, from material in the core using the various
CORSOR empirical release correlations [4,5] based on fuel temperatures, and during core-
concrete interactions in the reactor cavity using the VANESA [6] release model.  After
release to a control volume, masses may exist as aerosols and/or vapors, depending on
the vapor pressure of the radionuclide class and the volume temperature.

Aerosol dynamic processes and the condensation and evaporation of fission product
vapors after release from fuel are considered within each MELCOR control volume.  The
aerosol dynamics models are based on MAEROS [7], a multisection, multicomponent
aerosol dynamics code, but without calculation of condensation.  Aerosols can deposit
directly on surfaces such as heat structures and water pools, or can agglomerate and
eventually fall out once they exceed the largest size specified by the user for the aerosol
size distribution.  Aerosols deposited on surfaces cannot currently be resuspended.

The condensation and evaporation of radionuclide vapors at the aerosol surfaces, pool
surfaces, and heat structure surfaces are decoupled from MAEROS.  These processes are
evaluated by the rate equations from the TRAP-MELT2 code [8], which are based on the
surface area, mass transfer coefficients, and the difference between the present surface
concentration and the saturation surface concentration.

The steam condensation/evaporation is also decoupled from the MAEROS solution for
agglomeration and deposition in order to reduce the stiffness of the differential equation
set.  The amount of steam condensed or aerosol water evaporated is calculated by
thermodynamics routines called by the Control Volume Hydrodynamics (CVH) package.

Water droplets are transported as fog by the CVH package and treated as water-class
aerosol by the RN package.  (Water in pools or condensed on surfaces is not treated by
the RN package.)  Other radionuclide aerosols and vapors are transported between control
volumes by bulk fluid flow of the atmosphere and the pool, assuming zero slip between the
radionuclides and the host medium (steam, water, etc.).  In addition, in the absence of bulk
flow, aerosols may move by Brownian motion or by gravitational settling through openings
between control volumes.

The difference between CVH fog and RN water-class masses in a control volume at the
end of the CVH advancement represents net condensation of water onto or evaporation
from the aerosols in that volume.  The net change in water mass is imposed on the water-
class inventory in the RN package, which then uses the Mason equation [9] to distribute
the mass change over the aerosol size distribution in the control volume.
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Models are available for the removal of radionuclides by pool scrubbing, filter trapping, and
containment spray scrubbing.  The pool scrubbing model is based on the SPARC code
[10], and treats both spherical and elliptical bubbles.  The model includes condensation at
the pool entrance, Brownian diffusion, gravitational setting, inertial impaction, and
evaporative forces for the rising bubble.  Currently, only aerosols are removed by pool
scrubbing in the RN package.  Water condensation and evaporation are calculated within
the CVH package using its own implementation of SPARC modeling (see the CVH
Reference Manual).  The filter model can remove aerosols and fission product vapors with
a specified maximum mass loading.  The containment spray model is based on the model
in HECTR 1.5 [11] and removes both vapors and aerosols from the atmosphere.

Chemistry effects can be simulated in MELCOR through the class reaction and class
transfer models, which are controlled entirely by user-specified parameters.  The class
reaction process uses a first-order reaction equation to simulate reversible chemical
reactions.  The class transfer process, which can instantly change the material class or
location of a radionuclide mass, can be used to simulate fast, irreversible chemical
reactions.  With these two processes, phenomena including adsorption, chemisorption and
other important chemical reactions can be simulated.  Only fission product vapors are
currently treated with these mechanisms. In addition, chemisorption of radionuclides on
surfaces can be simulated with the chemisorption model.

Most intravolume processes involving radionuclides are calculated first in the RN package,
including fission product release, aerosol agglomeration and deposition, fission product
condensation and evaporation, distribution of decay heat, and chemical interactions.  The
effects of these processes are included in the hydrodynamic transport and thermodynamic
calculations performed in the CVH package, executed subsequently.

The transport of fission products is inferred from the transport of hydrodynamic materials,
but the CVH package may subcycle during a MELCOR timestep.  Since radionuclide
advection must also abide by the Courant limit, the transport calculations are performed
by RN package utility routines called from within the CVH subcycle loop.  Part of this
transport process includes removal of fission product aerosols and vapors, for example,
by filters.

After CVH has advanced through the full MELCOR system timestep, the additional
intervolume process of pool scrubbing is calculated.  While water condensation/
evaporation is an intravolume process, it also is calculated after the CVH package
thermodynamics calculations have been performed so that the mass of water condensed
in a control volume during the timestep is known.
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2. Detailed Models

2.1 General Framework

The RN package operates on the principle of material classes, which are groups of
elements that have similar chemical properties.  The number of classes is specified on the
RN1001 input record, with a default of 15 classes.  Classes are generally referred to by
their class name or representative element.  Combination of masses in these classes upon
release to form compounds in other classes, such as Cs + I to CsI, is permitted subject to
stoichiometric constraints (e.g., excess Cs is retained in the Cs class).  For the RN
package, the classes must be in numerical order without any gaps.  A maximum of 30
classes can presently be employed.

Each class is described by the following set of properties for use in various models:

1 release rates in core (see Section 2.3)
2 molecular weights (see Section 2.3)
3 vapor pressure (see Section 2.5)
4 vapor diffusivity (see Section 2.5)
5 decay heat power (see DCH Package Users’ Guide)

Two molecular weight values are used for each class, the elemental molecular weight (i.e.,
the element’s atomic weight) and the compound molecular weight, which are specified in
sensitivity coefficient array 7120 (see Appendix A).  The elemental molecular weight is
used to determine the number of moles of radioactive material that are released and
available for combination with other RN classes.  The compound molecular weight is used
to increase the released mass due to combination upon release with nonradioactive
materials if that is expected to occur (e.g., Cs with H2O to form CsOH).  Total class masses
after release therefore include both radioactive and nonradioactive masses.  In addition,
nonradioactive masses from bulk materials in the Core or Cavity package (e.g., cladding
Zircaloy, structural steel, control poison, or concrete) may be released as vapors or
aerosols and added to the total class masses but not to the radioactive masses of the class
to which the materials are assigned.

Some models in the RN package use groupings of elements different from the groupings
defined in Table 2.1.  Transfers of masses between various models must therefore use
mapping strategies.

For the transfer of bulk, nonradioactive, Core package structural masses released by the
CORSOR models to the RN classes (see Section 2.3), the default mapping defined in
Table 2.2 is employed.  This mapping may be changed with input records RNCRCLXX, but
this practice is discouraged.  Note from Table 2.2 that B4C control poison in BWRs is
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mapped totally into the boron class, whereas Ag-In-Cd control poison in PWRs is split
between the Cd and Sn classes using the percentages shown.

The VANESA model for radionuclide releases from debris in the cavity (see Section 2.3)
recognizes 25 different species groups (for most, several different compounds of one
element), and mapping must be used both to transfer RN class masses in the debris (as
initially specified and as transferred from the COR and/or Fuel Dispersal Interactions [FDI]
packages) to the VANESA groups and also to transfer them back again into the RN
classes as VANESA calculates releases.  The default mappings for to-VANESA and from-
VANESA transfers are defined in Table 2.3 and Table 2.4, respectively.  These mappings
may be changed with input records RNCLVNXX and RNVNCLXX.

Table 2.1 RN Class Compositions

Class Name Representative Member Elements
1. Noble Gases Xe He, Ne, Ar, Kr, Xe, Rn, H, N
2. Alkali Metals Cs Li, Na, K, Rb, Cs, Fr, Cu
3. Alkaline Earths Ba Be, Mg, Ca, Sr, Ba, Ra, Es, Fm
4. Halogens I F, Cl, Br, I, At
5. Chalcogens Te O, S, Se, Te, Po
6. Platinoids Ru Ru, Rh, Pd, Re, Os, Ir, Pt, Au, Ni
7. Early Transition Elements Mo V, Cr, Fe, Co, Mn, Nb, Mo, Tc, Ta,

W
8. Tetravalent Ce Ti, Zr, Hf, Ce, Th, Pa, Np, Pu, C
9. Trivalents La Al, Sc, Y, La, Ac, Pr, Nd, Pm, Sm,

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, Am, Cm, Bk, Cf

10. Uranium U U
11. More Volatile Main Group Cd Cd, Hg, Zn, As, Sb, Pb, Tl, Bi
12. Less Volatile Main Group Sn Ga, Ge, In, Sn, Ag
13. Boron B B, Si, P
14. Water H2O H2O
15. Concrete - - - -

In addition to the 25 VANESA groups, two additional groups can be transferred to VANESA
but are changed before VANESA uses them.  They are I (VANESA group 26), which is
combined automatically with Cs, and Xe (VANESA group 27), which VANESA releases
immediately.  VANESA assumes that Cs is in excess so that no elemental I remains as
debris is added to the cavity.  Also, aerosol products from concrete ablation (VANESA
groups 12 through 16) are automatically transferred to the RN concrete class, and bulk
gases (VANESA group 1) are transferred directly to the CVH package.  The user should
not specify mapping values for any of these VANESA groups.
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Table 2.2 COR Material to RN Class Mapping

COR Material RN Class (Rep. Element)
1 UO2 10 U
2 Zr 8 Ce
3 ZrO2 8 Ce
4 Steel 7 Mo
5 Steel Oxide 7 Mo

13 B 100% BWR /   0% PWR
11 Cd 0% BWR /   5% PWR

6 Control Rod Poison

12 Sn  0% BWR / 95% PWR

Table 2.3 RN Class to VANESA Species Mapping

RN Class VANESA Species
1 Xe 27 Xe (released instantaneously)
2 Cs 19 Cs
3 Ba 20 Ba
4 I 26 I (immediately forms CsI)
5 Te 9 Te
6 Ru 6 Ru
7 Mo 5 Mo
8 Ce 23 Ce
9 La 22 La

10 U 17 U
11 Cd 8 Sb
12 Sn 7 Sn
13 B 0 (RN class not present in fuel)
14 H2O 0 (RN class not present in fuel)
15 Concrete 0 (RN class not present in fuel)

Warning: If a class is redefined from the default values, or if a new class is added, all of
the properties, including mappings, should be evaluated and possibly redefined through
the RN sensitivity coefficients.  Default values for these properties are defined based on
the elements in each class.  Whether default values are appropriate when classes are
modified must be determined by the user.  Note that the DCH package might also have to
be redefined in a consistent manner.

Table 2.4 VANESA Species to RN Class Mapping

VANESA Species RN Class
1 bulk gases (from CORCON) (released by CAV pkg to CVH)
2 Fe 7 Mo
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VANESA Species RN Class
3 Cr 7 Mo
4 Ni 6 Ru
5 Mo 7 Mo
6 Ru 6 Ru
7 Sn 12 Sn
8 Sb 11 Cd
9 Te 5 Te

10 Ag 12 Sn
11 Mn 7 Mo
12 Ca (from concrete ablation) 15 Concrete
13 Al  (from concrete ablation) 15 Concrete
14 Na (from concrete ablation) 15 Concrete
15 K   (from concrete ablation) 15 Concrete
16 Si  (from concrete ablation) 15 Concrete
17 U 10 U
18 Zr 8 Ce
19 Cs 2 Cs
20 Ba 3 Ba
21 Sr 3 Ba
22 La 9 La
23 Ce 8 Ce
24 Nb 7 Mo
25 CsI 2 Cs and 4 I
26 I (combined with Cs by VANESA)
27 Xe (released by VANESA)

2.2 Initial Radionuclide Inventories

Initial inventories and distributions of radionuclides must be specified for the core, for the
cavity, and for control volume pools and atmospheres.  (Inventories for some locations may
be zero initially.)  Masses can be distributed among core cells according to radial and axial
decay heat power profiles in the core.  In addition, a fraction of the radionuclides in a core
cell can be designated as residing in the fuel-cladding gap.

Total radioactive class masses are normally determined by the DCH package from the
operating power of the reactor and the mass of each element in the class per unit of
operating power (see the DCH Package Reference Manual and Users’ Guide).  RN
package input generally defines only the initial distribution of these masses in the core and
cavity through reference values and multipliers specified on the RNFPNijjXX input records.
However, options are provided to use these records to specify the class masses directly.
These options are useful for analysis of experiments.
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The total mass inventories for all RN classes in a particular core cell or in a cavity are
normally calculated from user-specified multipliers r1 and r2 as

refxx Mr  r  M ,21= (2.1)

where Mx,ref is a reference value for class x that may be taken as the total class mass
defined by the DCH package or as the inventory in some other core cell or cavity location,
depending on the option chosen.  For core cells, r1 and r2 typically represent axial and
radial multipliers to specify the decay heat power profile in the core, while for cavities they
are arbitrary.  If the DCH package option is chosen, however, the mass of the uranium
class (default class 10) is calculated by decrementing the total uranium mass in the Core
package, MU,COR by the sum of the masses in the remaining classes, i.e.,

M  M  M i
Ui

CORURNU Σ
≠

−= ,,  (Uranium class only) (2.2)

Optionally, as specified on the RNFPNijjXX records, the mass for a specified class in a
particular core cell or cavity location may be input directly as

21 r  r  Mx = (2.3)

where r1 is typically chosen as the total mass, with r2 defined as the fraction of that mass
in the core cell or cavity location.  The various options are additive and may be combined
as convenient.  Note that masses can also be reduced if a negative multiplier is used.

The masses given by Equations (2.1) through (2.3) determine the total radioactive mass
of radionuclides in a particular core cell, including the fuel-cladding gap.  The fraction of
radioactive mass that resides in the gap is determined by the parameter r1 input on the
RNGAPijjXX input record series (different from r1 input on RNFPNijjXX).  Depending on the
input option chosen, the gap fraction Fx may be specified directly for each class as

1rFx = (2.4)

or it may be calculated as a proportion of the gap fraction Fx,ref at some other location,

refxx Fr  F ,1= (2.5)

For a core cell, the radioactive masses residing in the fuel and gap, Mx,fuel and Mx,gap,R,
respectively, are thus given by
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( ) xxfuelx M F  M −= 1, (2.6)

xxRgap,x, MF  M = (2.7)

The total masses residing in the gap must be calculated to account for the addition of
nonradioactive material from presumed chemical reactions following release from the fuel.
(See the discussion of total vs. radioactive masses in Section 2.1.)  If the gap fraction has
been specified directly from Equation (2.4), the total gap mass Mx,gap,T is given by

RgapxTgap,x, Mr M ,,2= (2.8)

where r2 is the ratio of total mass to radioactive mass (usually the ratio of compound to
elemental molecular weights, matching the values in sensitivity coefficient array 7120; see
Appendix A), whereas if the gap fraction has been specified as a proportion r1 of the gap
fraction at some other location with Equation (2.6), the total gap mass is that same fraction
of the total gap mass Mx,gap,T,ref at the other location,

refTgapxTgapx M r  M ,,,1,, = (2.9)

in which case no value is needed for r2 since it is already reflected in Mx,gap,T,ref (any value
input for r2 is ignored).

The distribution of radionuclide masses between fuel and gap in a core cell will change with
time due to release and the relocation of fuel.  When fuel is relocated by the COR
package, the radionuclides still residing in the fuel are transported with it.  Relocation of the
gap radionuclide mass is not necessary since cladding failure and gap release will always
occur before fuel relocates (see Section 2.3.2).

In addition to the radioactive masses initially residing in the fuel or fuel-cladding gap,
nonradioactive bulk masses in other packages, such as Zircaloy fuel rod cladding, may be
released as vapors or aerosols by the RN package release models.  Initial inventories for
these bulk masses are already available in the appropriate package database and no
additional input is needed for the RN package.  Release of core or cavity masses by the
RN package does not change the mass values in the other packages.  For example, the
mass of Zircaloy in the COR package is not modified by release of Zircaloy aerosols in the
RN package.  The errors introduced by this assumption should be very small since the
fractions of core and cavity materials that are released as vapors and aerosols are very
small.  Nevertheless, the user should be aware that mass is not explicitly conserved in this
modeling.
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The user may also directly specify the initial radionuclide aerosol and/or vapor inventory
for any class in any control volume by using the RNAGXXX, RNALXXX, RNVGXXX, and
RNVLXXX input record series.

2.3 Release of Radionuclides

Release of radionuclides can occur from the core fuel (with nonradioactive releases from
other core structures), from the fuel-cladding gap, and from material in the cavity.  At
present, no material can be released from the reactions treated in the FDI package.  The
release models used in each of these areas are discussed below.

2.3.1 Core Release

Radioactive and nonradioactive material may be released from the core.  As described in
Sections 2.1 and 2.2, the radionuclides residing in the COR package fuel are assumed to
be in elemental form and therefore to have only radioactive mass (no associated molecular
mass).  Upon release from fuel, the total class masses are converted to compound form
with a corresponding increase in mass from the added nonradioactive material (e.g., the
hydroxide mass in CsOH).  By default the release models are used to calculate the release
of radioactive radionuclides from core fuel material (i.e. UO2) only, which exists in the intact
fuel component, in refrozen fuel material on other components and in particulate debris.

In order to apply the release models to core materials other than fuel, such as the fuel rod
cladding, the user must change the default values of the core material release multipliers
contained in sensitivity coefficient array 7100.  For these other core materials, the mapping
scheme described in Section 2.1 (with defaults in Table 2.2) determines the apportioning
of the core masses among the RN classes, and the entire masses are considered
nonradioactive.  Hence, by changing the release multiplier for Zr from 0.0 to 0.5, for
example, the user will obtain half the fractional release rates calculated by the release
correlations for Zr in the cladding, canisters and particulate debris.  However, because the
mass of structural Zr in the cladding component is enormous compared to the mass of Zr
class fission products in the fuel component, the actual release rate (fractional rate times
the available mass) from the cladding may be quite large.  Because the core release
models were developed for fuel releases, their use to calculate the release of structural
materials in other components is questionable.

Before cladding failure has occurred, radionuclides released from the fuel in the core are
transferred to the gap inventory and are released to the surrounding atmosphere of control
volume only upon cladding failure.  (However, they are reported by RN output as
“released.”)  After cladding failure, radionuclides released from the core are transferred to
the atmosphere of control volumes as specified in the Core package input, which defines
channel and bypass control volumes for each core cell.  These volumes are used by the
RN package as follows:
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Core Component RN Release Volume
Intact:
Fuel Channel
Cladding Channel
Control Rods Bypass
Canisters Split Equally Between Channel and Bypass
Conglomerate Debris:
Refrozen on Cladding Channel
Refrozen on Control Rods Bypass
Refrozen on Canisters Channel
Particulate Debris:
All Channel

In addition to releases in the core calculated by the RN package, the reaction modeled in
the Core package of B4C in control rods with steam can release B2O3 to the RN package.
The class specified on the RN1001 input record for B2O3 receives this mass in the bypass
control volume defined for that core cell.

Three options are currently available for the release of radionuclides from the core fuel
component; the CORSOR, CORSOR-M [4] or CORSOR-Booth [5] model may be specified
on Input Record RNFP000.  The CORSOR-BOOTH model contains low and high burn-up
options.  In addition, the CORSOR and CORSOR-M release rates can be modified to be
a function of the component surface-to-volume ratio as compared to a base value, derived
from the experimental data on which CORSOR is based.  The surface areas, volumes, and
temperatures of the components used in the calculation are obtained from the COR
package database.  Because none of these radionuclide release models can be
considered truly general or universally applicable, it is recommended that concerned users
refer to the release model references [4, 5] for a more complete description of modeling
assumptions and limitations.

The reduction in release rate of the tellurium class by the presence of unoxidized zirconium
can be modeled if desired.  The parameters affecting this option are controlled by
sensitivity coefficient array 7105 for CORSOR and CORSOR-M and within array 7107 for
CORSOR-Booth (see Appendix A).  The release rate of Te is reduced by a release rate
multiplier (with a default value of 1/40 = 0.025) until the mass of unoxidized intact metal
cladding falls below a cut-off fraction (default value of 0.7) of the total mass of intact
cladding (including the oxide mass).  The default values are based on discussion in
Reference [12].

Note that for each core component, the same correlation is used to calculate the release
rate for a given class using the individual temperature of that component.  That is, the
calculation of release of radionuclides from fuel, cladding, canisters, control rods, and
particulate debris differs only in the temperature used.  Separate correlations for these
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components are not employed since their form is not compatible with the MELCOR
structure.

2.3.1.1 CORSOR

The original CORSOR model correlates the fractional release rate in exponential form,

( )   exp iTTfor            T B  A f ≥=� (2.10)

where f�  is the release rate (fraction per minute), A and B are empirical coefficients based
on experimental data, and T is the core cell component temperature in degrees Kelvin.
Different values for A and B are specified for three separate temperature ranges.  The
lower temperature limit Ti for each temperature range and the A and B values for that
range are defined for each class in sensitivity coefficient array 7101 (see Appendix A).  If
the cell temperature is below the lowest temperature limit specified, no release is
calculated.

2.3.1.2 CORSOR-M

The CORSOR-M model correlates the same release data used for the CORSOR model
using an Arrhenius form,

( )Q/RT- k  f o exp=� (2.11)

The values of ko, Q, and T are in units of min-1, kcal/mole, and K, respectively.  The value
of R is 1.987 x 10-3 in (kcal/mole)K-1.  The values of ko and Q for each class are
implemented in sensitivity coefficient array 7102 (see Appendix A).

2.3.1.3 CORSOR-Booth

The CORSOR-Booth model considers mass transport limitations to radionuclide releases
and uses the Booth model for diffusion with empirical diffusion coefficients for cesium
releases.  Release fractions for other classes are calculated relative to that for cesium. The
classical or effective diffusion coefficient for cesium in the fuel matrix is given by

( )Q/RT- D D o exp= (2.12)
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where R is the universal gas constant, T is the temperature, Q is the activation energy, and
the pre-exponential factor D0 is a function of the fuel burn-up.  For fuel with burn-up in
excess of 30,000 MWD/MTU the model uses a value for D0 five times larger than the value
it uses for fuels with lower burn-up.  The two default values for D0, the transition burn-up
value, and the activation energy Q, based on experimental data for the release of fission
gases from fuel test samples [13], are all given in sensitivity coefficient array 7106 (see
Appendix A).

The cesium release fraction at time t is calculated from an approximate solution of Fick’s
law for fuel grains of spherical geometry [14],

2/1  <  t D for36 π
π

′′′
=              t D  -  t D    f (2.13)

22
2 /1  >  t D forexp61 ππ

π
′′−=          ) t D  (   -    f (2.14)

where

t D′ = 2atD  (dimensionless)

a = equivalent sphere radius for the fuel grain

The release rate of Cs during a time interval t to t+∆ t from the fuel grain is calculated as

( ) ( )[ ]
tF

VtDftDf
ttt

Cs ∆
∆′−∆′

= �� ∆+
ρ

rate Release (2.15)

where ρ  is the molar density in the fuel, V is the fuel volume, F is the fraction of the Cs
inventory remaining in the fuel grain, and the summations are done over the timesteps up
to time ( )tt ∆+ and t, respectively.

The release rate formulation in the CORSOR-Booth model is also limited by mass transfer
through the gas-phase.  The gas-phase mass transport release rate from the fuel rod for
species k, km� , is calculated using an analogy from heat transfer as

eqkgaskfuel

fuel

k PDNuA
RTD

m ,, 
1 =
�

(2.16)
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where

Dfuel = diameter of fuel pellet

Afuel = fuel rod flow contact area

Dk,gas = diffusivity of class k in the gas mixture

Nu = Nusselt number

Pk,eq = equilibrium vapor pressure of class k at temperature T

The effective release rate for Cs given by Equation (2.16) is a combination of the rates
given by diffusion and by gas-phase mass transport.  Therefore, the contribution from
diffusion only is taken as

�
�

�
�
�

�
−

Cs
Cs m

DIFF
�

1 
rate Release

1 = 
Cs

1- 

(2.17)

The diffusion release rate for species other than cesium is given by multiplying the cesium
release rate by an appropriate scaling factor Sk for each RN class k:

kCsk SDIFF  DIFF = (2.18)

Nominal values for Sk are given in sensitivity coefficient array 7103.  For certain conditions
of cladding oxidation and temperature, the scaling factors must be modified for some
classes.  When the oxide mass fraction exceeds a critical value Fk1 and the temperature
exceeds a critical value Tk1, the class scaling factor is given by

( )TCS S kkk exp1= (2.19)

where T is not allowed to exceed a maximum value Tmax.  When the oxide mass fraction
is below a minimum value Fk2, the class scaling factor is given by

2kk S S = (2.20)

Values for Fk1, Tk1, Sk1, Ck, Tmax, Fk2, and Sk2 are all contained within sensitivity coefficient
array 7107.

The combined mass transport and diffusion release rate ktotm ,�  for class k is then
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The fractional release rate for the inventory of class k is calculated as
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2.3.1.4 Surface-to-Volume Ratio

In the CORSOR and CORSOR-M release expressions, the effect on the release rate of the
surface-to-volume ratio of the material from which release occurs is not treated.  An option
has been added to include the effect of this ratio as follows:

( ) ( )   S/VS/V f  f basestructureCORSOR(-M)
�� = (2.23)

where the (S/V)base value has been derived from the original CORSOR data with a value
of 422.5 m-1 that is stored in sensitivity coefficient array 7104 (see Appendix A).  Values
for (S/V)structure are calculated from component surfaces and volumes in the Core package
(see Section 3 of the COR Package Reference Manual) and thus reflect the effects of core
degradation on the surface-to-volume ratios of core components.

2.3.1.5 Class Combination at Release

The release model also can provide for the combination of different donor classes into a
new class based on the elemental molecular weights.  An example is the combination upon
release of Cs and I atoms to form CsI molecules, which is modeled by moving
stoichiometric amounts of Cs and I mass from the Cs and I classes into a new CsI class.
The number of moles of each class that combine is defined by RNCLSNNXX input data.
This combination occurs instantaneously upon release and is only limited by the availability
of the released mass during that timestep.  If there is an excess of any donor class during
the timestep, that excess material stays in the original class.  Chemical reactions that take
place once release has been completed can be approximated using the models discussed
in Section 2.8.

Note:  The class combination model is only used for release from the fuel in the core and
not for tabular or control function input sources defined using the RNASXXX or RNVSXXX
records.
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2.3.2 Fuel-Cladding Gap

Release of the radionuclides in the fuel-cladding gap (initial inventory plus masses from
fuel release) occurs on cladding failure.  Cladding failure is assumed to occur if either a
temperature criterion is exceeded or if the intact cladding geometry has been lost due to
candling or oxidation.  It is assumed that the gaps in each radial ring can communicate
axially between core cells, so when cladding in one axial level in a radial ring fails, the gap
inventory for that entire ring is released.  The cladding failure temperature for each core
cell is specified on the RNGAPijj00 input record, with a default value of 1173 K C) (900°
[15].  The control volume that receives the gap release is the channel control volume
associated with the core cell where failure occurs, as defined by the CORijj01 input records
(see the COR Package Users’ Guide).

2.3.3 Cavity Release

For release of radionuclides from the cavity due to core-concrete interactions, the VANESA
model [6] has been implemented in MELCOR and is coupled to CORCON [16] during
every timestep.  The control volume for cavity releases is specified in the Cavity package
input.  If a water pool is present, pool scrubbing calculations are performed to apportion
the released mass between the pool and the atmosphere.

A number of changes have been made to the stand-alone VANESA program to allow it to
function within the MELCOR framework.  The major changes are:

(1) The concrete composition used in VANESA is converted from CORCON input using
the following mapping, rather than input independently:

CORCON Mass Fraction VANESA Mass Fraction
CaO + MgO CaO
Al2O3 Al2O3
Na2O Na2O
K2O K2O
SiO2 SiO2
Fe2O3 (converted to FeO) + MnO FeO
Ti2O Ti2O
Cr2O3 Cr2O3
Rebar Fe

(2) To ensure conservation of mass in the calculations, the rate of addition of concrete
decomposition products (gases and condensed-phase oxides) is now derived from
CORCON results by forward differences, rather than the central difference scheme
originally in VANESA.
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(3) Core debris masses (and associated radionuclides) may be added as a function of
time throughout the transient.

(4) Both radioactive and total masses are tracked.  The fraction of the radioactive mass
released is assumed to be the same as the fraction of total mass released.

(5) The radioactive inventory is used (by default) to calculate the decay heat in the
Cavity package.  It is partitioned between the metallic and oxidic phases according
to the assumed chemical state of the VANESA class.  This partitioning accounts for
the difference between elemental mass (e.g., Ba) and compound mass (e.g., BaO)
and the mapping of released structural materials (e.g., Fe) into the nonradioactive
portions of RN inventories.

(6) Pool scrubbing calculations are done by the RN package rather than the model in
stand-alone VANESA.

2.4 Aerosol Dynamics

This section describes the models used in the RN package to predict the behavior of
aerosols during an accident in a LWR.  Fission products may be aerosolized as they are
released from fuel early in a LWR accident and later expelled from the reactor coolant
system.  Other events and processes that occur late in the accident, such as core-concrete
interactions, pool boiling, direct containment heating, and deflagrations, may also generate
(or resuspend) aerosols.  High structural temperatures may also result in aerosolization of
nonradioactive materials.

The principal aerosol quantities of interest are the mass and composition of aerosol
particles and their distribution throughout the reactor coolant system and containment.  The
calculation of aerosol agglomeration and deposition processes is based on the MAEROS
[7] computer code, but without direct inclusion of condensation or evaporation within the
MAEROS solution framework.  Vapor condensation on and evaporation from aerosol
particles are handled separately to reduce the stiffness of the differential equation set and
to ensure consistency with the calculation of these processes by other models and
packages, as described later.

MAEROS is a multisectional, multicomponent aerosol dynamics code that evaluates the
size distribution of each type of aerosol mass, or component, as a function of time.  This
size distribution is described by the mass in each size bin, or section.  Each section may
have a different chemical composition as described by the masses of various components
for that section.  In other words, a section is an aerosol size group and a component is a
particular type of aerosol material.  Since MELCOR operates on a radionuclide class
structure, as discussed earlier, a mapping between RN classes and MAEROS aerosol
components must be specified by the user.
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Figure 2.1 illustrates the sectional representation of a two-component aerosol with 5
sections.  The mass concentrations of component 1 in the five sections are given by the
stair-stepped line that bounds the lower crosshatched region.  The total aerosol mass
concentrations in the five sections are given by the uppermost stair-stepped line.
Therefore, the mass concentrations of component 2 in the five sections are given by the
upper shaded region.

Figure 2.1 MAEROS Aerosol Model

One powerful feature of MELCOR is that water condensation on and evaporation from
aerosols is modeled in a manner consistent with the thermal/hydraulic calculations in the
CVH and HS packages.  That is, the latent heat associated with the coolant mass transfer
between the atmosphere and aerosol surfaces is incorporated in the total internal energy
transfer to and from the atmosphere.  In addition, condensation and evaporation of fission
product vapors on aerosols is calculated in parallel with condensation on and evaporation
from heat structure surfaces, but without consideration of the latent heat of condensation
of the vapor, since it is negligible compared to the energy of the atmosphere and the heat
structure.

The MELCOR calculation of changes in aerosol distribution and location within a plant
considers the following general processes:

(1) aerosol phenomenological sources from other packages, such as release from fuel
rods or during core-concrete interactions, and/or arbitrary user-specified sources;
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(2) condensation and evaporation of water and fission products to and from aerosol
particles;

(3) particle agglomeration (or coagulation), whereby two particles collide and form one
larger particle;

(4) particle deposition onto surfaces or settling through flow paths into lower control
volumes;

(5) advection of aerosols between control volumes by bulk fluid flows; and

(6) removal of aerosol particles by engineered safety features (ESFs), such as filter
trapping, pool scrubbing, and spray washout.

The RN package includes models to simulate each of these processes, but only user-
defined aerosol sources and agglomeration and deposition processes are formally coupled
in the MAEROS integrated solution framework. Aerosol sources from other
phenomenological packages in MELCOR and condensation on and evaporation from
aerosols are decoupled and treated outside the MAEROS solution.  This section describes
principally the details of the implementation of MAEROS within MELCOR.  Section 2.4.1
describes in more detail how the component/class mapping scheme works and how the
particle size distribution is represented in MELCOR.  The general MAEROS equations and
the specific models for aerosol agglomeration and deposition are described in Section
2.4.2.  Section 2.4.3 provides information on how various aerosol sources are treated, and
Section 2.4.4 discusses the MELCOR aerosol resuspension model (not yet implemented).

Condensation and evaporation processes for both aerosols and heat structure surfaces
are described later in Section 2.5, and Section 2.6 describes the modeling for advection
of aerosols between control volumes.  Section 2.7 describes the removal of aerosols by
ESFs.

2.4.1 Aerosol Mass and Size Distributions

In MELCOR, one or more RN classes can be assigned to a component, as specified on
the RNCCXXX input records, but a particular class cannot be assigned to more than one
component.  For each control volume, the fractions within a particular component of each
class assigned to that component are determined before the aerosol dynamics calculation
is performed to determine the new size distribution.  These fractions necessarily sum to
unity.  After the aerosol dynamics calculation, the masses for each aerosol size, the
deposited masses, and the fallout masses for each class are determined by multiplying the
appropriate component mass values by the previously calculated class mass fraction.  In
effect, all classes assigned to the same component are assumed to have the same size
distribution.
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The aerosol particle size distribution is discretized into particle size bins called sections.
The distribution of aerosol mass within a section is treated as constant with respect to the
logarithm of particle mass.  The user may input any arbitrary initial aerosol size distribution
for any fission product class by specifying the mass in each size section at the initial time
(see the RNAGXXX and RNALXXX input records).  The initial aerosol water mass (fog) is
determined from the CVH package input data only and is put in the smallest aerosol
section; an error message is generated if an attempt is made to initialize water aerosol
mass through RN input.

The number of sections and components to be used in the aerosol calculations, as well as
the minimum and maximum aerosol diameters, are specified by the user (see input records
RN1001 and RN1100).  Individual section boundaries are calculated from these values so
that the ratio of the upper and lower bound diameter of each section is the same. A check
is also made that the ratio of the upper to lower mass boundary for each section is greater
than or equal to two to assure that the calculations will conform to the assumptions made
in the derivation of the MAEROS equations.  If this constraint is not met, an error message
is generated and the calculation terminates.

Although the aerosol component distributions from the MAEROS calculation are not stored
permanently, the class distributions are used to calculate the mass median diameter and
geometric standard deviation for the wet, dry and component distributions in each control
volume for editing.  The wet distribution is the sum over all classes including water; the dry
distribution, which is commonly determined experimentally, is the sum over all classes
excluding water; and the component distribution is the sum over all classes assigned to the
particular component.  The mass median diameter is defined to be the diameter above and
below which half the total mass (wet, dry or component mass) in the distribution occurs,

( ) ( )��
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where D′  is the mass median diameter and fm(D) dD is the mass in the distribution
between diameter D and D + dD.  The geometric standard deviation, Gσ , is defined as
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where D  is the logarithmic mass mean diameter defined by
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In MELCOR, any aerosol particles that are calculated to grow larger (by agglomeration or
condensation) than the maximum size section, are assumed to fall out onto either floor-
type heat structures or into adjacent lower control volumes.  Aerosols that fall out into a
lower control volume are put in the largest size section of the aerosol distribution in that
control volume and thus should quickly deposit or fall out onto floor structures.  This is
described in more detail in Section 2.4.2.2.

2.4.2 MAEROS Equations

The aerosol agglomeration and deposition models from MAEROS are used to calculate
the changing aerosol size distributions as these processes affect the aerosol in each
control volume at each timestep.  Particle agglomeration, deposition onto heat structure
surfaces, fallout onto floors or into lower control volumes, and the effects of user-defined
aerosol sources are all integrated in the MAEROS calculation.

The modeling of the aerosol size distribution is governed by a complex integro-differential
equation.  MAEROS was developed as a method of discretizing this equation into a form
that can be solved numerically.  In their method (and using their notation), the full range
of aerosol masses is divided into m contiguous arbitrarily sized sections, and Q�

 is defined
as the total mass of aerosol per unit volume of fluid in section �  at time t.  Thus,

( ) ( )�
=

=
s

k
k tQtQ

1
,�� (2.27)

where (t) Q k ,�  is the mass of component k in section � , and s is the total number of
components.  The upper bound of section 1−�  is equal to the lower bound of section �
for �  = 2, 3, ... m.  These equations can be written
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where

( ) dt t dQ k,� = time rate of change of aerosol mass of component k (per unit volume)
in section �  at time t

k = aerosol component (for example, water or a specific FP) = 1, 2,...Na

� = discretized section (or physical size range) of the aerosol = 1, 2, 3,...m

1±� = 1−� for condensation, or �  + 1 for evaporation

Each term in Equation (2.28) represents a distinct mechanism for changes in mass
concentration of component k in a particular section.  Time integration of Equation (2.28)
requires that the coefficients used in each term be known on a sectional basis.  These
sectional coefficients correspond to the following mechanisms:

β = agglomeration (or coagulation), m3/s-kg

G = gas-to-particle conversion (condensation/evaporation), s-1

S = sources, kg/m3-s

ℜ = removal (deposition) kg/m3-s

The β ’s are called sectional coagulation coefficients, and they can be evaluated by using
a variety of formulas that incorporate the effects of the different physical processes.  These
processes include gravitational agglomeration (a larger particle overtakes a smaller one
as they both fall) and agglomeration through diffusion (either Brownian or turbulent), and
are described in more detail in Section 2.4.2.1.  The six agglomeration terms in the
Gelbard-Seinfeld approach refer respectively to the following processes:
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β
� j, i,

1a addition of component k in section � , by removal of component k in section
j when a particle in section j coagulates with a particle in section i to form a
particle in section � .

β
� j, i,

1b addition of component k in section � , by removal of component k in section
i when a particle in section i coagulates with a particle in section j to form a
particle in section � .

β
� i,

2a removal of component k in section � , resulting from a particle in section i
coagulating with a particle in section � .

β
� i,

2b addition of component k in section � , resulting from a particle in section i
coagulating with a particle in section � , with the resulting particle remaining in
section � .

β
��  ,

3 removal of component k in section � , by two particles in section �  coagulating
and the resulting particle is in a section higher than � .

β
� i,

4 removal of component k in section � , by a particle in section �  coagulating
with a particle in section i, where i > � .

The four condensation terms represented by the G coefficients correspond to the following
processes:

kG ,
1

�
addition (removal) of component k within section �  by condensation
(evaporation) of component k onto (from) particles in that section;

jG ,2
�

transfer of existing component k from section �  to section � + 1 ( � – 1) by
condensation (evaporation) of component i onto (from) particles in section � ;

jG ,1
2

±�
transfer of existing component k from section � – 1 ( � + 1) to section �  by
condensation (evaporation) of component i onto (from) particles in section � –
1 ( � + 1); and

kG ,1
3

±�
transfer of changed mass of component k from section � – 1 (�+ 1) to section
�  by condensation (evaporation) of component k onto (from) particles in
section � – 1 (� + 1).  This term vanishes in the limit that aerosol masses are
large compared to molecular masses.

Water condensation on and evaporation from aerosol particles are the principal couplings
between thermal-hydraulics and aerosol behavior.  However, these terms are not used
directly in the MELCOR implementation of MAEROS.  As described in Section 2.5.1, water
condensation and evaporation are treated separately (but still using the MAEROS-
calculated coefficients for water, as discussed in Section 2.5.1) for consistency with the
water thermodynamics calculated in the CVH package.

Furthermore, fission product condensation onto and evaporation from aerosols are also
integrated with the calculation of fission product condensation and evaporation on heat
structure surfaces by the TRAP-MELT model, as described in Section 2.5.2, and are thus
treated outside the MAEROS framework as well.
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In Equation (2.28), particle removal (or deposition) is addressed by the ℜ  term. Deposition
occurs through a number of processes, including gravitational settling, diffusion to
surfaces, thermophoresis (a Brownian process causing migration of particles toward lower
temperatures), and diffusiophoresis (deposition induced by condensation of water vapor
onto structural surfaces).  The sectional deposition coefficients are described in more detail
in Section 2.4.2.2.

Aerosol sources are included by the S term in Equation (2.28).  Currently, only sources
defined by the user as tabular functions of time are directly included in the MAEROS
equations.  Sources from phenomenological models are added directly to the aerosol
sectional distributions as described later in Section 2.4.3.

Intraparticle chemical reactions can occur between constituents of the aerosol.  The
modeling of aerosol size/composition changes resulting from chemical reactions is not
currently implemented in MELCOR, but this phenomenon could easily be included in the
sectional model.

Simplifications in the coefficients and in Equation (2.28) occur if the geometric constraint

21  > mm ii+ (2.29)

is satisfied, where mi is the particle mass at the lower boundary of section i.  The geometric
constraint ensures that the agglomeration of two particles results in a new particle that will
fit into either the section that contains the larger of the two original particles or the section
just above it.  This constraint thus reduces the number of sectional agglomeration
coefficients.  As stated earlier in Section 2.4.1, input specifying the section boundaries is
checked to verify that this constraint is met.

Equation (2.28) is used in MELCOR to describe the evolution of the aerosol size and
composition distributions within each control volume.  Each control volume has its own
particle size and chemical composition distributions, and the aerosols are carried from one
control volume to another by gas flow and may be removed by ESFs, as described in
Section 2.7.

2.4.2.1 Agglomeration

When two aerosol particles collide, they can combine to form a larger particle.  This
process is known as agglomeration or coagulation.  The sectional method used in
MAEROS treats four agglomeration processes: Brownian diffusion, differential gravitational
settling, and turbulent agglomeration by shear and inertial forces.  A basic assumption
about these processes is that simultaneous agglomeration of three or more particles is
negligible.
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The full dependence of the agglomeration coefficients β  (m3/s) upon the aerosol and
atmosphere properties as implemented in MELCOR is given in the equations in
Appendix B.  The dependence on atmosphere properties is not considered to be a major
source of uncertainty in the aerosol calculations.  The dependence on particle diameter
and key modeling parameters can be summarized as follows:

Brownian: ( ) d ,d f    ji
-1

B χγβ ∝
Gravitational: ( ) ( )22212

jiji
-

ggrav ddd d      −+∝ χγεβ
Turbulent, Shear: ( )ji

/
Tl d d   +∝ 3213 εγβ

Turbulent, Inertial: ( ) ( )2223/412
jiji

-
T2 ddd d     −+∝ εχγβ

In these proportionalities, γ and χ are the agglomeration and dynamic shape factors,
respectively, and ε  is the turbulent energy dissipation density, all of which are specified
on user Input Record RNMS000.  Variables di and dj are the diameters of the two
interacting particles, with di > dj.  The collision efficiency for gravitational agglomeration is
represented by gε , with a specific value (discussed below) calculated in the code.  The
magnitude of the Brownian kernel increases with increasing values of the size ratio di /dj.
The role of the various parameters appearing in the kernels is also discussed below.

Except when they include significant amounts of liquid, aerosol particles are not usually
assumed to be spherical, and the effective aerosol densities may be significantly less than
the bulk density of the materials of which the aerosols are composed.  In aerosol codes,
these effects may be taken into account by using a formalism based on fully dense
spherical aerosols modified through the use of the agglomeration shape factor γ  and the
dynamic shape factor χ .  The shape factors γ  and χ  are input by the user to represent
the effect of nonspherical shape upon aerosol collision cross sections and aerosol-
atmosphere drag forces, respectively.  Unit values of the shape factors correspond to
dense aerosol of spherical shape, while porous spherical agglomerates lead, in theory, to
values somewhat greater than unity.  Highly irregular aerosols and agglomerates can have
shape factors substantially greater than unity, often with γ  and χ  being quite unequal.

Given experimental data for aerosol shapes and densities applicable to LWR accidents,
shape factors could, in principle, be derived theoretically.  Because this is not practical,
empirical values are obtained by fitting code calculations to the results of aerosol
experiments.  The values obtained may be sensitive to aerosol composition and to
atmospheric conditions, especially to relative humidity.  Humid conditions tend to produce
more nearly spherical aerosols due to condensation of water on aerosol agglomerates.
Only limited information is available concerning the dependence of shape factors upon the
relevant parameters (for example, particle characteristics and atmospheric conditions), and
these parameters are themselves quite uncertain under accident conditions.  Default
values of unity are set for both factors in MELCOR.
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Agglomeration rates can be enhanced by turbulence in the atmosphere.  In the past, very
little attention has been given to estimating values of turbulent energy dissipation density
ε  appropriate for accident conditions, and uncertainty in its value may contribute to
uncertainty in the aerosol agglomeration rates.  In MELCOR, the user can input the value
of ε  or use the default value of 0.001 m2/s3.

The gravitational collision efficiency gε  of unity corresponds to the assumption that collision
cross sections are equal to the geometric cross sections.  It is well known that
hydrodynamic interactions between particles (i.e., the tendency of a particle to follow
streamlines in flow around another particle) can yield collision efficiencies much less than
unity, especially for particles that are unequal in size.  The problem of collisions between
falling (spherical) aerosols has been the object of much detailed theoretical and
experimental study, and may be more complex than can be represented by the simple
expressions normally used in aerosol codes.  In MELCOR, the value of gε  is given by

( )jijg dd/d  += 225.1ε (2.30)

where dj is the smaller of the two aerosol particle diameters.  It has been argued [17, 18]
that using 0.5 instead of 1.5 as the coefficient in Equation (2.30) gives a better
representation and that other corrections are needed when the size ratio di /dj is less than
about 2 and/or di is greater than about mµ20 .  However, more recent experimental
measurements of collision efficiencies by Gelbard et al. [19] do not support these proposed
revisions and, instead, gave collision efficiencies in reasonable agreement with Equation
(2.30).  These measurements involved studying the collisions of spheres at higher
Reynolds numbers than those typical of aerosols and the results therefore may not be
totally conclusive; however, arguments for modifying Equation (2.30) are not judged to be
any more convincing.

The agglomeration model used in MELCOR receives temperature, pressure, and mass
flow rate information from the CVH package.  The turbulent agglomeration kernels are
combined as

( )βββ 21 TT
1/2

sT T   +  c  = (2.31)

where cs is a particle sticking coefficient (default value of unity), which may be specified on
Input Record RNMS000.  (This sticking coefficient also appears in the other Brownian and
gravitational agglomeration kernels.)  The total turbulent kernel is added to the Brownian
and gravitational kernels to obtain a total agglomeration kernel Tβ  which is then integrated
over sections for use in Equation (2.28):
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ββββ T TgravBT  +  +   = (2.32)

Examination of the relations for the agglomeration kernels in the proportionalities given
above shows that the effects of gravitational collision efficiency, aerosol shape factors, and
turbulence are coupled together in a highly nonlinear fashion.  The dependence upon the
various parameters differs among the different agglomeration mechanisms, and the net
effects are strongly size-dependent.  Hence, it is possible to give only a few
generalizations.

All the agglomeration processes are enhanced by large values of the agglomeration shape
factor γ , with the effect being largest for turbulent shear agglomeration and smallest for
Brownian agglomeration.  Large values of the dynamic shape factor reduce all the kernels
(calculational coefficients) except the turbulent shear kernel, which is unaffected.  Hence,
large values of the shape factors enhance the relative importance of turbulence, especially
for the turbulent shear effect.  Reference [18] includes sensitivity studies examining the
implications of uncertainties in these shape factors as well as in the turbulent energy
dissipation density ε .

2.4.2.2 Deposition, Settling, and Fallout

Aerosols can directly deposit onto heat structure and water pool surfaces through four
processes calculated within MAEROS.  All heat structure surfaces are automatically
designated as deposition surfaces for aerosols using information from the HS package,
unless made inactive through user input.  The parameters obtained from the HS package
are:

(1) Geometric orientation

(2) Surface area in the atmosphere

(3) Surface heat flux

(4) Mass transfer coefficient

(5) Water condensation mass flux

Each surface of a MELCOR heat structure must be designated as a ceiling, a floor, or a
wall, since MAEROS only calculates deposition kernels for these orientations.  The default
treatment is:

The upper surface of a rectangular heat structure with an angle of inclination less
than 45 degrees is considered to be a floor, and the lower surface a ceiling.  The
heat structure orientation parameter ALPHA on HS Input Record HSCCCCC002
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determines both the inclination and whether the “left” surface is the upper or the
lower surface.

Both surfaces of a rectangular heat structure with an angle of inclination greater
than 45 degrees, and both surfaces of cylinders and spheres are treated as walls.

The inner (left) surface of a bottom-half hemisphere is treated as a floor and the
outer (right) surface as a ceiling.  For a top-half hemisphere, the treatment is
reversed.

The user can override these default orientations or deactivate a surface for aerosol
deposition through the RNDSXXX input records.  However, if the surface of a structure is
deactivated for the purposes of deposition, it is also removed from consideration in the
calculation of condensation and evaporation of fission product vapors, as discussed in
Section 2.5.  (Note that the orientation of a structure does not otherwise affect the rate of
condensation or evaporation.)

If a control volume contains a water pool, the pool surface is treated as a floor for the
purposes of deposition.  The area of the water pool is extracted from the CVH database.

Aerosols can also settle from one control volume to another through flowthrough areas
(i.e., the gravitational settling and Brownian diffusion kernels in MAEROS described below
are applied to flowthrough areas in addition to HS and pool surfaces).  Such areas will
ordinarily correspond to open flow paths between the control volumes, through which
aerosols and radionuclide vapors are also advected.  The appropriate flow areas, path
elevations, etc., are specified in the RNSETXXX input records.  Aerosols are not
transported through these areas if the flow path is blocked by a water pool.

Finally, aerosols can agglomerate and become larger than the user-specified maximum
diameter.  These aerosols are assumed to immediately deposit onto water pools or
horizontal heat structure surfaces or to settle from one control volume to another through
flowthrough areas defined as part of RN input.  The term fallout in MELCOR is used
exclusively for this immediate deposition or settling of aerosols larger than the maximum
user-specified diameter.  All control volumes must have at least one upward-facing
deposition surface (floor) or flowthrough area defined to receive fallout aerosols generated
by this mechanism.  During MELGEN a check is made for the existence of at least one
such area; if none is present, an error message is generated and no restart file is written.

The MAEROS deposition kernel for each type of surface is made up of four contributions:
gravitational deposition, Brownian diffusion to surfaces, thermophoresis, and
diffusiophoresis.  Of these natural depletion processes, gravitational deposition is often the
dominant mechanism for large control volumes such as those typically used to simulate the
containment, although phoretic effects may be significant in some cases (e.g.,
diffusiophoresis during water condensation).  Particle diffusion is generally considered to
be a relatively unimportant deposition process.  The contribution of each of these
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processes to the deposition kernel for each type of heat structure surface and for pools and
flowthrough areas in MELCOR is summarized below:

Surface Deposition Kernel1
grav BD therm diffus

Heat Structure
Floor + + + +
Wall 0 + + +
Ceiling - + + +

Pool + + +2 +2

Flowthrough Area + + 0 0
1 The symbols +, 0, and - mean a positive contribution, no contribution, and a negative contribution,
respectively. Of course, the total deposition kernel for any surface can not be less than zero.
2 Included in the general formulation but currently zeroed out internally.

The velocities calculated for each of these deposition processes are defined below.

Gravitational Deposition
Gravitational deposition is effective only for upward-facing surfaces (i.e., floors and water
pools) and flowthroughs to lower control volumes; for downward-facing surfaces (i.e.,
ceilings), this mechanism works to oppose other deposition processes.  The gravitational
deposition velocity is given by

µχ
ρ

18
gCd

  v mpp
grav

2

= (2.33)

where

vgrav = the downward terminal velocity (m/s)

pd = the particle diameter (m)

pρ = the particle density (kg/m3)

g = acceleration of gravity = 9.8 m/s2

Cm = the particle mobility, or Cunningham slip correction factor, which reduces
the Stokes drag force to account for noncontinuum effects

The particle mobility, or Cunningham slip correction factor, in the equation above is
expressed as
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( )[ ]λλ 2/1.1exp4.021 pslip
p

m dF
d

   C −++= (2.34)

where

λ = mean free path of air at 298 K (~ 0.069• 10-6m)

Fslip = slip factor specified on Input Record RNMS000 (default value of 1.257)

µ = viscosity of air at 298 K [~ 1.8• 105(N• s/m2)]

χ = dynamic shape factor

This model assumes that the aerosol particle Reynolds number Re, based on particle
diameter and net deposition velocity, is much less than 1.  This physically means that
inertial effects of the flow may be neglected.  This Reynolds number is not to be confused
with the bulk mass flow (air, steam, aerosol particles) Reynolds number based on the
dimensions and velocities calculated by the CVH package, which is typically much greater
than 1.

Brownian Diffusion
Deposition can also result from diffusion of aerosols in a concentration gradient from a
higher to a lower concentration region.  The diffusive deposition velocity is given by

∆p

m
diff d   

C T  = v
χµπ

σ
3 (2.35)

where

vdiff = diffusion deposition velocity (m/s)

σ = Boltzmann constant = 1.38• 10-23 (J/s-m2K4)

T = atmosphere temperature (K)

µ = viscosity (N• s/m2)

χ = dynamic shape factor

∆ = user-specified diffusion boundary layer thickness specified on Input
Record RNMS000 (default value of 10-5 m)
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under the assumption that there is no gas velocity perpendicular to the deposition surface.
This impaction mechanism is most effective for larger aerosol particle sizes.

Thermophoresis
This aerosol deposition mechanism results from the force exerted on aerosol particles by
temperature gradients in the bulk gas.  The thermophoretic deposition velocity vtherm is
given by

( )
( ) ( ) T  

/kk+  Knc  +  KnF  +  T     
/kk + Kn c C  

  v
pgastslipgas

pgastm
therm ∇=

21312
3

ρχ
µ

(2.36)

where

Kn = pd/2λ  (Knudsen number)

kgas/kp = ratio of thermal conductivity of gas over that for aerosol particle kp, and
is user-specified (on Input Record RNMS000)

T∇ = structure surface temperature gradient (K/m)

ρgas = gas density (kg/m3)

T = wall temperature (K)

Fslip = slip factor

ct = constant associated with the thermal accommodation coefficients
(specified on Input Record RNMS000 with default value of 2.25)

The coefficient of T∇  in Equation (2.36) is calculated for each of the four aerosol
coefficient sets at minimum/maximum temperature and pressure and stored as described
in Section 2.4.2.3.  The actual temperature gradient at each heat structure surface,
calculated from the heat flux q ′′  obtained from the HS package as

airkqT ′′−=∇ (2.37)

is used with an interpolated coefficient (see Section 2.4.2.3) to calculate the actual
diffusion velocity.  The thermal conductivity of air, kair, is evaluated at the surface
temperature of the heat structure using the properties of air for consistency with the
evaluation of the aerosol coefficients with air properties.
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Diffusiophoresis
When water condenses on (evaporates from) a structure surface, composition gradients
will exist in the adjacent gas which will affect aerosol deposition on the surface.  Two
related mechanisms produce these gradients.  First, a net molar flux of gas toward (away
from) the condensing (evaporating) surface will exist, and this net flux, commonly called
the Stefan flow [20], will tend to move aerosol particles with it.  Second, differences in the
momentum transferred by molecular impacts on opposite sides of the particle will tend to
drive the particle in the direction of decreasing concentration of the heavier constituent. By
some definitions, only this second component constitutes diffusiophoresis; however, in this
discussion the term “diffusiophoresis” will be used to represent the net result of both effects
and the equations given include both effects.  Note that when the noncondensible gas is
heavier than steam, as in air-steam mixtures, the differential molecular impact effect
opposes the Stefan flow (which dominates the net result); the effects are in the same
direction if the noncondensible gas is lighter than steam.

The treatment in MELCOR is valid for particle sizes large compared with molecular mean
free paths, a condition which will generally apply for accident analyses.  A diffusiophoretic
deposition velocity (including the Stefan flow) vdiffusio is calculated from
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on)(evaporati 0 <  if condsconddiffusio W                 / W v ρ= (2.39)

where

Ms = molecular weight of water (kg/mole)

MNC = molecular weight of noncondensible gases (air

Wcond = condensation mass flux to the surface (kg/s-m2)

ρb = density of bulk gas (kg/m3)

ρs = saturation density of water vapor (kg/m3)

Xs = mole fraction of water vapor in the bulk gas

XNC = mole fraction of noncondensible gases in the bulk gas

The condensation mass flux is obtained from the HS package.  Note that the differential
molecular impact effect is ignored in MELCOR for evaporation (Wcond < 0).  The velocity
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calculated is toward the surface for condensation and away from the surface for
evaporation.

MELCOR calculates these four velocities, representing deposition by gravity, diffusion,
thermophoresis, and diffusiophoresis, for each surface.  The sum gives the aerosol
removal rate term ℜ k,�   (kg/m3·s) in Equation (2.28) in the form

 KK   kj

N

1 = j
k

str

,,, ��� �=ℜ (2.40)

where

Nstr = total number of heat structure surfaces and/or pool surfaces for aerosol
deposition in the control volume

K  j, � = deposition rate for the heat structure j for aerosol section �  (s-1)

Q k ,� = aerosol density for section �  of component k (kg/m3)

K  j, �  in Equation (2.41) is defined as

( )diffusiothermdiffgrav
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   K +++=
�, (2.41)

where

Aj = area of heat structure surface j (m2)

V = control volume atmosphere volume (m3)

The total component mass that deposits on all surfaces from each section is calculated by
MAEROS.  The fraction 

�,jFr  of the mass in each section that deposits on surface j in the
control volume is given by the simple expression
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For fallout aerosols the procedure is similar except that the areas are summed for the floor
heat structures, pool, and flowthrough areas; no kernels are involved since any kernel
would be common to all surfaces involved.  The total fallout mass calculated by
agglomeration in MAEROS is then distributed over the floor heat structures, pools, and
passes through flowthrough areas proportional to the area of each as follows:

i

N

i
ii A  A  Fr

sur

�= (2.43)

where Nsur is the total number of surfaces and flowthrough areas.

If part or all of a water film drains from a surface of a heat structure to the pool in the
associated control volume, any fission products deposited on that surface or in the water
film are normally relocated with the water, in proportion to the fraction of the film that is
drained.  However, the user may change this for any class by resetting the corresponding
value in sensitivity coefficient array 7136 to the fraction of the class assumed to be
dissolved in, and therefore to relocate with, the film.

When a phase (pool or atmosphere) in a control volume ceases to exist, the aerosols it
contains must be relocated.  If the pool in a volume completely evaporates, any aerosols
in the pool are distributed between the floor heat structures and the flowthrough areas
according to Equation (2.43).  If the atmosphere in a control volume that is almost
completely filled with water completely condenses, all the suspended aerosol mass is
added to the aerosol mass in the pool because it is assumed that the pool will then
completely fill the control volume.

2.4.2.3 Numerical Implementation

In stand-alone MAEROS, the full aerosol dynamics equations are integrated using a
conventional Runge-Kutta integration routine [21].  Because the integration is stopped and
restarted only at times when an edit is desired, this approach is both accurate and efficient.
However, in MELCOR the integration must be stopped at the end of each system timestep
and restarted at the beginning of the next to account for the continuous coupling with other
MELCOR models, most of which must be exercised outside the MAEROS framework. 
These include aerosol release from fuel in the Core package, aerosol generation during
core-concrete interactions by the MELCOR implementation of VANESA, fog condensation
or evaporation calculated by CVH package thermodynamics, simultaneous condensation
or evaporation of fission product vapors on heat structure and aerosol particle surfaces,
and advection of aerosols between control volumes as controlled by CVH flow rates. 
Because of this, the Runge-Kutta solver can be very inefficient (the startup costs become
excessive) and, for very short steps, there is little or no increase in accuracy over an
explicit (forward Euler) integration.
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Therefore, in MELCOR appropriate rates of change are evaluated at the beginning of each
system timestep and, if an explicit step will produce only small changes in the sectional
densities, the distribution is updated using this explicit Euler step.  Otherwise, the Runge-
Kutta solver is used to advance the equations.  The criteria for “small change in the
sectional densities” and the error tolerances for the Runge-Kutta solution are controlled by
the sensitivity coefficients in array 7000 (see Appendix A).  If the Runge-Kutta solver does
not converge within the requested tolerances, the RN package will reduce the timestep to
one-half the current value and write a message to the output and diagnostic files informing
the user.

Whether the new aerosol distribution is calculated by an explicit step or by the Runge-Kutta
solver, a check is performed to ensure that component masses are conserved within a
suitable tolerance (given by a sensitivity coefficient in array 7000; see Appendix A).  If this
check fails, the RN package will reduce the timestep to one-half the current value and write
a message to the output and diagnostic file informing the user.

The calculation of the MAEROS coefficients is somewhat costly; a full calculation for 20
sections requires about 10 s processing time on a CRAY 1S computer.  Therefore, the
coefficients are calculated on the first call to the aerosol model for use throughout the
entire problem.  Input records describing these coefficients (the RNCFXXX series) are
written to a file automatically and may be read in from this file on a subsequent restart if
called for on the RNACOEF record, but this practice is not recommended because of the
possibility of user file handling errors.  Sensitivity coefficient array 7001 contains error
tolerances for numerical integration of the MAEROS coefficients.

Using a constant set of coefficients imposes some modeling constraints however, because
various parameters embedded in the coefficients, such as material properties for the CVH
atmosphere, are also effectively held fixed despite the fact that they should vary with
changing conditions during the problem.  Several of the terms in Equation (2.28) also
contain driving forces.  The coefficients of these forces are calculated and stored.

The following constraints pertain to the current coefficient set:

a The aerosol material density is assumed to be the same for all components
(specified by the user on Input Record RN1100).

b The aerosol shape, as modeled by the dynamic and agglomeration shape
factors (specified by the user on Input Record RNMS000), is independent of
aerosol composition.

c The medium in which the aerosol processes are assumed to occur has fixed
properties, taken as those for air.

d The degree of turbulent agglomeration is fixed throughout the problem, specified
by the user on Input Record RNMS000.
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e Other parameters that control deposition rates do not depend on particle
composition.  For example, the ratio of the thermal conductivity of air to that of
the aerosol material is fixed.

The pressure and temperature of the atmosphere are embedded in these coefficients and
are fixed for a single set of coefficients.  However, the aerosol module actually calculates
four sets of coefficients at points given by combinations of two temperatures (Tmin and Tmax)
and two pressures (Pmin and Pmax), all of which may be specified by the user.  The effects
of changing thermal-hydraulic conditions during the problem are approximated by
interpolating between these sets of coefficients.  The Tmin, Tmax, Pmin, and Pmax parameters
are chosen to bound the temperatures and pressures expected in the calculation, and are
specified on user Input Record RNPT000.

The interpolated sectional coefficients CFi for agglomeration or deposition mechanism i are
given by

( ) ( )[ ]
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where

AC11,i = the aerosol coefficient for mechanism i for the lower atmospheric
temperature (Tmin) and pressure (Pmin)

AC12,i = the aerosol coefficient for mechanism i for the lower atmospheric
temperature (Tmin) and higher pressure (Pmax)

AC21,i = the aerosol coefficient for mechanism i for the higher atmospheric
temperature (Tmax) and lower pressure (Pmin)

AC22,i = the aerosol coefficient for mechanism i for the higher atmospheric
temperature (Tmax) and pressure (Pmax)

and FT and Fp in Equation (2.45) are defined as
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and
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where

Tgas = cell temperature (K), and

Pgas = cell pressure (Pa).

At the expense of larger sets of coefficients, some of the constraints above could be
removed by interpolating to accommodate other changing parameters or by separating the
coefficients so that a relevant parameter is not embedded, but this is not currently allowed
through user input.

2.4.3 Sources

In stand-alone MAEROS, sources of aerosols are included in the differential equation
solution at a constant source rate over that timestep.  In MELCOR, however, only user-
defined sources are treated in this way; sources generated by models in other packages
are currently added as a single increment because of the explicit coupling of these
packages.  Since masses that are added to the aerosol scheme could be from the previous
timestep or the present timestep, depending on the calling sequence of the various
packages, all masses to be added from other models are lumped together and added to
the aerosol size distribution at the start of the timestep.

Sources of aerosols are calculated in-vessel by the fuel-cladding gap release model and
the CORSOR release models, as described in Section 2.3.1.  Aerosols generated by these
models are put into the smallest aerosol section, consistent with the production of small
particles by gas-to-particle conversion.  Sources of aerosols are also calculated ex-vessel
by the VANESA model, as described in Section 2.3.2.  The size distribution for these
aerosols is assumed to be log-normal, with median diameter and standard deviation given
by VANESA.

A number of time-dependent aerosol sources (specified on record RN1001) can also be
specified for a control volume by the user (see the RNASXXX input record series).  The
aerosols can be put in either the control volume pool or atmosphere, with the time rate of
the source specified by a tabular function.  The mass added is determined by multiplying
the mass addition rate (an input constant times the value of the tabular function at the
midpoint of the current timestep) by the timestep, or
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where C is the mass addition constant XM on the RNASXXX input records, TF is the
tabular function value, and t and t∆ are the time and timestep, respectively.  The size
distribution of the source can be uniform, log-normal with respect to log diameter, or user
specified, and is constant with time.

2.4.4 Resuspension

The resuspension model in MELCOR depends on other packages for activation.  A
package can call for an arbitrary fraction of deposited aerosols in a control volume to be
resuspended at any time.  However, no package at present has a model to calculate the
fraction of deposited mass to be resuspended.  User input is not available to activate
resuspension.  Therefore, resuspension is currently not calculated.  When
implemented, however, the user will be allowed to specify the size distribution of
resuspended mass on the RNARXXX input records.

2.5 Condensation/Evaporation

Fission products and water can condense onto or evaporate from aerosols, heat structure
surfaces, and water pools.  Aerosol water is identified with “fog” in the CVH package.  The
change in fog mass is determined by thermodynamics calculated within the CVH package
and is distributed over aerosol sections by the RN package as described below in Section
2.5.1.  Water condensation and evaporation for heat structure and water pool surfaces are
treated solely in the HS and CVH packages, respectively.  The calculation of fission
product vapor condensation and evaporation in the RN package is described in Section
2.5.2.

2.5.1 Water

The stand-alone version of MAEROS includes terms, given in Equation (2.28), for particle
growth resulting from condensation of water onto (and shrinkage from evaporation of water
from) aerosols.  In MELCOR, these terms are not included with the MAEROS numerical
solution for agglomeration and deposition.  The reason is that inclusion of these terms
makes the MAEROS equations “stiff” and therefore computationally difficult to solve,
because the characteristic time for mass transfer is small compared to other characteristic
times in the problem.

There are two approaches available in MELCOR to deal with condensation and
evaporation of aerosol water.  The original model, which neglects hygroscopic, surface
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tension, and molecular free path effects, is described in this section.  The user has the
option to specify (as part of RN package input) the use of a more detailed model that
includes these effects, as described in Section 2.10.  The original model is used by default.

In addition to neglect of hygroscopic and surface tension effects, the original MELCOR
model assumes that both the temperature difference between gas and aerosols and the
characteristic time for mass transfer to and from aerosols may also be neglected.  Under
these assumptions, the atmosphere can never become significantly supersaturated, and
can be significantly subsaturated only if there is no water available to evaporate from the
aerosols.  In short, the system of atmosphere plus aerosol water must be in
thermodynamic equilibrium.

This makes the aerosol assumptions consistent with the equation of state as described in
the Control Volume Thermodynamics (CVT) Package Reference Manual, and avoids the
need to estimate the disequilibrium between liquid and vapor within a basically equilibrium
formulation of thermodynamics or to reconcile calculations including rate effects in the RN
package with calculations based on equilibrium thermodynamics within the CVT package.
It also allows the water on aerosols to be identified with “fog” in the CVT package.

This reduces the task of the RN package to one of distributing the total change in fog
mass, as calculated by equilibrium thermodynamics in the CVT package, among the
aerosol sections.  In general, this is done with changes in sectional water masses
proportional to the appropriate relative rates, which are all proportional to the same super-
or sub-saturation driving force, and the actual driving force need not be calculated. 
However, in a few cases (e.g., a sudden decompression in a volume with little or no initial
aerosol content) the condensation rate necessary to maintain equilibrium may exceed that
possible on existing aerosols.  In such cases, a very rough estimate of the limiting
condensation rate is made (as described below), and the excess water is assumed to form
new aerosols in the smallest aerosol section by spontaneous nucleation.

The MAEROS equations do not account for the distribution of composition of particles
within a single section.  This major simplification of the general equations resulted from
approximating all material densities as equal, rendering the agglomeration and deposition
coefficients independent of composition.  Thus the evolution of particle composition and
size distribution is independent of composition for these two processes.  The composition
distribution can be important in cases of water condensation or evaporation, where a
change in water mass can carry a wet aerosol particle from one size section to another.
A full treatment would require both the tracking of a more general size-and-composition
distribution, and the inclusion of models to account for the differing rates of condensation
of water on particles of differing composition.

In MELCOR, two assumptions are permitted for condensation/evaporation of water.  The
first is equivalent to assuming that all particles within a section have the same composition,
and allows changes in water mass to freely carry particles of other materials from one size
section to another.  If water condenses on and then evaporates from a dry aerosol, the
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final distribution calculated using this treatment will not match the initial one—even in the
absence of agglomeration or deposition—and may contain particles smaller than any
initially present.  The alternative assumption is that condensation and evaporation of water
are ineffective in moving other materials from section to section.  This is sometimes
described as “allowing water to condense only on water.”  The errors in this treatment are
different from—but no less serious than—those in the first treatment.  The two options,
while not necessarily representing limiting cases, allow a user to investigate the potential
importance of the effects modeled.

Condensation within a section is evaluated explicitly.  The total change in water mass is
taken as proportional to the sum over sections of the G1  term in Equation (2.28) for water,
using start-of-step aerosol masses (the G2 growth terms cancel when summed over all
sections, while the G3  terms are infinitesimal contributors in the differential limit and are
ignored).  Since the new total water mass on aerosols is equal to the new fog mass
calculated by the CVH package, the normalization constant, A, can therefore be
determined from the equation

�∆=∆
�

��
QG   t  A  m ww ,

1
(2.48)

where wm∆  is the total mass of water which must be condensed, as required by the CVH
package.

The rate of growth of an individual aerosol particle as a result of condensation is given by
the Mason equation [9] as
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where a and b are heat flux and vapor diffusion terms, respectively,
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and where

m = particle mass

1ρ = particle density

S = ambient saturation ratio

r = mean aerosol particle radius of section i

Mw = molecular weight of water

ifg = latent heat of water

kv = vapor thermal conductivity

R = gas constant

T = ambient temperature

Psat = saturation pressure at T

D = diffusivity of water vapor in air

Equations (2.48) through (2.51) can be combined to relate the normalization constant A
and the wG ,

1
�

 term to the Mason equation:
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where N�  is the number of particles in section �  and the angle brackets denote an
appropriate sectional average.  Therefore, the MAEROS coefficient G w , �

1 can be evaluated
as an appropriate sectional average of r/m π4  and A can be taken as the term (S - 1)/(a
+ b), which is independent of size.  Equations (2.49) and (2.52) are consistent if an
effective value of the saturation ratio S, which varies through the timestep, is chosen
appropriately. A limiting rate on condensation can be estimated from Equation (2.52), using
an upper bound on the saturation ratio based on the assumption that all vapor destined to
condense exists in the vapor phase at the start of the step.  That is,

satvw m  /  m +   S ,max 1 ∆= (2.53)
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where wm∆  is again the mass of water to be condensed and mv,sat is the mass of water
vapor at saturation in the atmosphere.  If the required condensation exceeds this limiting
rate, A in Equation (2.48) is set to the limiting value, (Smax – 1)/(a + b), and the excess
water is simply put into the smallest aerosol section, consistent with the assumption that
excess water that cannot condense on existing aerosol, structures, or pools condenses by
homogeneous nucleation, forming small fog droplets.

Transfer from section to section by growth of aerosols is evaluated implicitly; that is, the
G w ,1

2  terms are evaluated using end-of-step masses.  For condensation, aerosols can only
grow, and by definition there can be no growth into the smallest section.  This allows the
new masses to be evaluated in a single pass from the smallest section to the largest by
forward substitution,

w

+o
k1,n

k1, GtA
Q  Q

,1
21 ∆+

= (2.54)

w

n
kw

+o
k,n

k, GtA + 
QGt  A + Q  Q

,
2

,1,1
2

1
�

���

� ∆
∆

= −− (2.55)

where Q +o
k ,�  is the start-of-step mass for all classes but water, in which case it includes the

explicitly calculated condensation.  Note that, from a strictly numerical standpoint, no
negative masses can be predicted by this equation if there were none at the start of the
step.

The treatment of evaporation is very similar to that for condensation.  Evaporation within
a section is calculated explicitly, and the total is normalized to the change in water mass
required by the CVH package, but no rate limit is considered.  If one or more explicitly
calculated water masses would be negative, they are set to zero and the remaining
(positive) masses renormalized to the correct total.

As in condensation, the section-to-section transfers are evaluated implicitly in a single
pass, this time from the largest to the smallest.  Experience has shown that one further
modification is necessary.  If the limit and renormalize procedure just mentioned is used,
the value of A used for section-to-section transfers out of each section must be made to
agree with the effective value of A used for evaporation from that section.  This is easily
done by defining
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where As is simply the normalization constant A in cases where no dryout occurred.

2.5.2 Fission Product Vapors

The condensation and evaporation of fission product vapors to and from heat structures,
pool surfaces, and aerosols is evaluated by the same equations as in the TRAP-MELT2
code [8].  The fission product vapor masses in the control volume atmosphere and
condensed on the aerosol and heat structure surfaces are determined by rate equations
based on the surface areas, mass transfer coefficients, atmosphere concentration, and the
saturation concentrations corresponding to the temperatures of the surfaces:

0=�  
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where

Ca = Ma / V = concentration of vapor in atmosphere

Ci
s = saturation concentration of vapor in atmosphere at temperature of

surface i

Mi = condensed mass of vapor on surface i

V = volume of atmosphere

Ai = area of surface i

ki = mass transfer coefficient for surface i

and subscript i denotes any heat structure surface, pool surface, or aerosol section. 

These differential equations can be solved as in TRAP-MELT2 to yield the following
algebraic equations:
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and subscript 0 denotes the value at start of the timestep, t∆ .

Total sectional areas Ap for aerosols are calculated from the average particle in each
section, as derived in Appendix C:
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The mass transfer coefficient kp for aerosols is based on zero slip flow, or Sherwood
number = 2.0.

All HS package heat structures are automatically included for condensation and
evaporation of fission product vapors unless made inactive through user input on
RNDSXXX records.  The area of the heat structure in the atmosphere Aw is used to define
the net area for fission product vapor interactions.  This area is the total heat structure area
times the fraction of the heat structure in the atmosphere as determined by the HS
package.

Although fission products may condense on pool surfaces, evaporation of fission products
residing in control volume pools is not permitted.  The fission product vapor location within
a phase in a control volume (pool or atmosphere) may change when one phase is no
longer present.  Any vapor mass associated with a disappearing phase is added to the
remaining phase in that control volume.

The mass transfer coefficient for condensation of fission product vapors onto heat structure
surfaces, kw, is calculated based on the mass transfer coefficient, kHS, for water
condensation onto a heat structure surface calculated by the HS package, which uses the
steam-air diffusivity, Dst,a:
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 DDk  k astgkHSw ,,= (2.64)

The vapor diffusivity for the fission product vapors in the bulk gas, Dk,g, is calculated from
the following equation as presented in Welty, Wicks, and Wilson [22]:
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where

yk =  mole fraction of trace vapor k

yn =  mole fraction of bulk gas n

Dk,n =  binary diffusivity of vapor k in gas n

The binary diffusivities are evaluated from the following expression from Bird, Stewart, and
Lightfoot [23]:
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with

DA,B = binary diffusivity in cm2/s

T = temperature in K

P = pressure in atmospheres

Mi = molecular weight in kg/kg-mole

ABσ = collision diameter in Angstroms = 0.5 ( )BA σσ +

ABD,Ω = collision integral = function of εkT/  (see Table B-2 of Reference [23])

The actual calculation of DAB is performed by a model in the Material Properties (MP)
package, using data for the collision integral contained in the MP database.  Values for the
Lennard-Jones potential parameters σ  and /k ε  for the bulk gases are obtained from the
MP database, while values for some of the fission product vapors, obtained from
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Reference [23], are stored in RN sensitivity coefficient array 7111 (see Appendix A). 
Actual values are used for Xe and I2; other classes are defaulted to values for air due to
a lack of information.  (The values for the bulk gases are the same ones used for
calculation of viscosity in the absence of tabular data; they may be changed through MP
input if desired.)

In addition to being used to determine the amount of each material class present as
aerosol and as fission product vapor, the vapor pressure is used in the model for
condensation and evaporation to determine the saturation concentrations, Ci

s, calculated
from the perfect gas law,

( )
i

wis
i TR

MTP C = (2.67)

The expression for the vapor pressure is

( ) ( )TC BA / TP loglog 1010 ++−= (2.68)

with P and T in units of mm of Hg and K, respectively.  The coefficients A, B, and C for
each class are stored in sensitivity coefficient array 7110 for different temperature ranges
(see Appendix A).  Classes for which there are no data are assumed to have a default
vapor pressure curve characteristic of a nonvolatile ceramic (zero vapor pressure below
3000 K and the vapor pressure of UO2 above 3000 K); nondefault vapor pressure
coefficients are defined for classes 2 (Cs), 3 (Ba), 4 (I), 5 (Te), 6 (Ru), 7 (Mo), 8 (Ce), 9
(La), 10 (UO2), 11 (Ag), 12 (Sn), 13 (B2O3), and 16 (normally CsI), and class 1 (Xe) is
always a vapor.  (See the RN Package Users’ Guide for details on defining temperature
ranges and forcing classes to always be an aerosol or always a vapor.)

For temperatures above a maximum temperature value, Tmax, the correlation is
extrapolated.  However, direct use of the correlation outside its range of applicability can
return a pressure that decreases with increasing temperature, because C is negative and
C log10(T) can dominate -A/T.  Therefore, the extrapolation uses

B/TAP ′+′−=)(log10 (2.69)

The coefficients A′  and B′ are derived from the last range coefficient values A, B, and C
by demanding that P and dP/dT be continuous at the matching temperature Tmax.  This
requires

( ) max10log TeC AA +=′ (2.70)
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( ) ( )[ ]max1010 loglog TeC  BB ++=′ (2.71)

2.6 Decay Heat Distribution

All decay heat released by radionuclides in a control volume pool is assumed to be
absorbed by that pool.  None of this decay heat is added directly to any heat structure
surface or to the atmosphere of the control volume.

The decay heat released by radionuclides in the control volume atmosphere and from
those deposited on the various heat structure surfaces can be apportioned according to
user specifications among the volume atmosphere, the surfaces of heat structures in that
volume, and the pool surface (if a pool is present).  Fractions may also be specified as
going to the atmosphere and surfaces of other volumes to simulate decay radiation
transmitted through flow paths.  Defaults are provided, as discussed below.

Approximately one half of decay heat is generated as gamma radiation and one half as
beta radiation.  Because typical gaseous atmospheres are nearly transparent to typical
gammas and fairly opaque to typical betas, deposition of decay heat in a volume
atmosphere results primarily from absorption of beta radiation.  (The split and the
characteristic energies are not explicitly modeled by MELCOR.)  These observations and
solid angle considerations led to the default splits suggested by Reference [3]:

Decay Heat from Radionuclides in the Atmosphere
Atmosphere of current CV 50%
Surfaces of current CV 50%
Atmosphere of other CVs 0%
Surfaces of other CVs 0%

Decay Heat from Radionuclides on Heat Structure Surfaces
Current Heat Structure 50%
Atmosphere of current CV 25%
Other surfaces of current CV 25%
Atmosphere of other CVs 0%
Surfaces of other CVs 0%

All fractions are independent of the RN class.  Those for airborne radionuclides can be
changed on a volume-by-volume basis using the RNDHVXXX and RNDHVSXXX input
record series.  Those for radionuclides on surfaces can be modified similarly, on a surface-
by-surface basis, using the RNDHSXXX  and RNDHSSXXX input record series.

Decay heat from airborne or deposited radionuclides that is absorbed by surfaces in the
same control volume is allocated among the surfaces in proportion to their areas.  (Note
that for deposited radionuclides the bearing surface is not included.)  The areas considered
are the portions of heat structure surfaces exposed to the atmosphere, and the surface of
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the pool (if a pool is present).  If there are no such surfaces, the fraction of decay heat
allocated to the surfaces of a control volume is deposited instead in the atmosphere of that
control volume.

The fractions specified as going to the local control volume atmosphere (by default or user
input) are interpreted as the values appropriate for complete absorption of beta radiation.
They must be reduced for small volumes or low densities, where the thickness of the
atmosphere is insufficient to permit complete absorption of beta rays.  This reduction is by
a factor

( )0.1 ,min βρ RD  CVA

where ρA  is the atmosphere density, DCV is the characteristic dimension for absorption in
the control volume, and Rβ  is the range of a typical beta particle (given in sensitivity
coefficient array 7002, with a default value of 1.2 kg/m2; see Appendix A).  DCV has a
default value given by the minimum of the cube root of the volume and the square root of
the flow area from the CVH database (so as to be reasonable for both tanks and pipes).
It can be modified using the RNDHLENXXX input record series.

Any reduction in deposition to the local atmosphere is compensated by proportionate
increase in energy distributed to other surfaces in the volume and to the atmosphere and
surfaces of other control volumes.  (The calculation is bypassed if the sum of these other
split coefficients is zero.)

2.7 ESF Models

Models are currently available for the removal of radionuclides by pool scrubbing, filter
trapping, and spray scrubbing.  These models are described in the following subsections.
The normal RN deposition and condensation models described in Sections 2.4 and 2.5 are
applied to heat structures used to model ice condensers; see the HS Package Reference
Manual for a detailed description of methods used to model ice condensers, including a
surface area enhancement factor for radionuclide deposition.

2.7.1 Pool Scrubbing

The pool scrubbing model in the RN package is based on the SPARC-90 code [10].  (The
thermal-hydraulic aspects of pool scrubbing are modeled in the CVH package.)  Aerosols
and iodine vapor are removed by pool scrubbing; the model will also treat organic iodine
vapor (CH3I) but currently it is not included in the MELCOR RN class structure. 
Decontamination is calculated for those flow paths activated on the FLnnn02 input record
(see the FL Package Users’ Guide) and for gases evolved from core-concrete interactions
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in cavities activated on the CAVnn00 input record (see the CAV Package Users’ Guide).
By default, the model treats these cases by using the horizontal vent scrubbing option from
SPARC-90 along with the flow area provided by the FL package (FLARA on input record
FLnnn01) or the flow area calculated by the CAV package.  However, the user may
override the default venting treatment by providing appropriate input on the RN2PLSXX
records.  For consistency with the CVH package, pool scrubbing is only calculated if the
submerged depth of the flow path is greater than the zero efficiency bubble rise height
given in CVH sensitivity coefficient array 4405.  The gases evolved from the core-concrete
interactions calculated by VANESA are supplemented by an inferred steam flux generated
by boiling at the cavity/pool interface.  This flux is evaluated by dividing the cavity/pool
interfacial heat flux calculated by CORCON by the latent heat of vaporization for water in
the pool.

The decontamination factor (DF) is defined as the ratio of the radionuclide mass entering
the pool to that leaving, and has a value greater than or equal to unity.  However, when the
iodine concentration in the pool divided by the equilibrium partition coefficient (discussed
in Appendix F) exceeds the concentration of iodine vapor in the gas entering the pool, then
iodine vapor scrubbing cannot occur and the corresponding decontamination factor must
be equal to unity.  (Furthermore, MELCOR is not structured to calculate iodine stripping
from the pool under these conditions, so iodine removal from the pool is not considered.)
If the iodine concentration in the bubbles is significant (i.e., exceeds a threshold value
implemented in sensitivity coefficient array 7159 with a default value of 10-6 moles/cm3),
a message is issued once per calculation by the scrubbing routine to inform the user of this
condition.

The gas flow through the pool is described in two overlapping regions.  In the vent exit
region, the injected gas forms large, unstable globules.  The initial size of the globule
depends on the vent type and the noncondensible gas flow rate.  As the globules rise they
begin to break up into swarms of smaller bubbles.  It is assumed that break-up is complete
by the time the globule rises a distance equal to twelve times its initial diameter.  In the
swarm rise region, bubbles continually coalesce and redisperse during their erratic ascent.
On average, however, it is assumed that they can be represented by oblate spheroids of
a constant, stable size with the flatness given by a correlation depending on bubble size.
The rise velocity of individual bubbles in the swarm relative to the liquid is given by a
correlation depending on bubble size, also, and remains constant since the size remains
constant.  The swarm rise velocity represents the volumetric average velocity on a cross
section of the swarm.  Bubbles in the center rise faster than swarm periphery bubbles, and
the swarm rise velocity increases as the swarm ascends because the volumetric flow rate
of the swarm increases as the gas expands under a decreasing static head.  In the
SPARC-90 model, however, the swarm rise velocity is assumed to remain constant with
a value given by the average of the value at the vent exit depth and the value at the pool
surface.  The bubbles in the swarm multiply (i.e., the number density increases) as the
expanding bubbles split to preserve their stable size.  The viscous shear of the liquid in
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relative motion past the bubble causes the bubble surface and interior to move in a top-to-
bottom rotation.

It is assumed that the inlet gas comes into thermal equilibrium with the pool almost
instantaneously in the vent exit region.  When this results in steam condensation in the
inlet gas, aerosol particles and iodine vapors are removed in proportion to the reduction
in the volumetric flow rate.  Particle capture also occurs when the injection velocity is large
because inertia forces the particles into the front boundary of the rapidly decelerating
globules.  For multihole vents with small orifices, centrifugal, diffusional and gravitational
deposition are evaluated during gas injection because they are significant at the large
velocities achieved.  Details of globule formation and vent exit region scrubbing are given
in Appendix D.

Scrubbing in the swarm rise region is evaluated by numerically marching through the
region in several discrete spatial steps.  At the beginning of each step, the fraction of the
inlet gas that is still contained in the initial globule is determined.  The remainder is
assumed to be contained in bubbles.  During each step the thermal hydraulic conditions
within the bubbles are updated and used to evaluate the incremental removal of particles
and iodine vapors during the step.  The particle removal mechanisms modeled in the
bubble include centrifugal and diffusional deposition and gravitational sedimentation. 
These mechanisms generate a flux of particles toward the bubble surface, where they are
removed by absorption into the pool.  The particle flux may be hindered by a flux of water
vapor into the bubble, if evaporation is occurring at the bubble surface.  Conversely,
condensation onto the particles within the bubble because of supersaturation from bubble
expansion will enhance particle removal.  The vapor removal mechanism is diffusion, which
also may be hindered if there is an evaporative flux into the bubble.  The removal factor
for each particle size and iodine vapors during the step is given by:

( )  DFff
 DF
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= (2.72)

where

DFBB,i = removal factor inside the bubble

fgl = fraction of inlet gas still in the inital globule

The cumulative removal factors for each particle size and iodine vapors in the swarm rise
region are given by the product of the incremental removal factors at each step.  Details
of transient bubble behavior and particle scrubbing in the bubbles are given in Appendix
E. Details of iodine scrubbing in the bubbles are given in Appendix F.
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The overall removal factor for each particle size and iodine vapors in the vent exit and
swarm rise regions is given by:

iSRiERillECiOV DF  DF  DF DFDF ,,,, •••= (2.73)

where

DFEC = DF from steam condensation in the vent exit region

DFII,i = DF from inertial impaction (of particles only) in the vent exit region

DFER,i = DF from centrifugal, diffusional and gravitational capture (of particles
only) in the vent exit region

DFSR,i = cumulative DF in swarm rise region

The overall removal factor for all particle sizes is obtained by dividing the sum of the inlet
mass rates over all sizes by the sum of the outlet mass rates (the inlet rates for each size
divided by the overall removal factor for that size) over all sizes:
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2.7.2 Filters

The MELCOR RN package contains a simple filter model.  When aerosols and vapors are
transported through flow paths with the bulk fluid flow of pool and/or atmosphere calculated
by the CVH package, some fraction of the transported RN materials may be removed by
the action of filters in the flow path.  A single filter can remove either aerosols or fission
product vapors, but not both.  However, a flow path can contain more than one filter.  The
efficiency of each filter is defined by decontamination factors, specified by user input.  By
default, a single decontamination factor is applied to all RN classes except water, for which
the default DF is 1.0.  Additional user input may be used to modify the DF on a class-by-
class basis, including the water class.  The parameters for the filter characteristics are
specified on the RN2FLTXXYY input record series.

A maximum loading may be specified for each filter; when this loading is reached, no
further RN materials will be removed (i.e., the DF is set to unity).
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The effect of filter loading on the flow resistance of the associated flow path may be
modeled through user input.  This requires construction of a control function to link the
laminar loss coefficient for the flow path (SLAM, input on segment record FLnnnSk; see
the FL Package Users’ Guide) to the filter loading.  The filter loading may be obtained from
one or more of the RN2-AMFLT or RN2-VMFLT control function arguments described in
Section 5 of the RN Package Users’ Guide.

The decay heat energy from radionuclides deposited on filters is given to the downstream
control volume according to the vapor flow direction.

2.7.3 Sprays

The containment spray model used in MELCOR is the same as that in the HECTR code.
The MELCOR Containment Sprays (SPR) package, which calculates the thermal-hydraulic
behavior associated with spray systems, is coupled to the RadioNuclide package for the
calculation of aerosol washout and atmosphere decontamination by the sprays.

The SPR Package Reference Manual describes the thermal-hydraulic modeling of the
spray systems.  To summarize here, the spray droplets are assumed to be spherical and
isothermal and to fall through containment at their terminal velocity without a horizontal
velocity component.  Droplet heatup and cooldown in a steam environment are modeled
using a correlation for forced convection heat transfer coefficients.  Similarly, evaporation
and condensation are modeled using a correlation for mass transfer coefficients.  A
standard integrator is used to integrate these transfer rates over the fall height of the spray
droplet to obtain the final droplet mass and temperature.  By comparing the droplet mass
and temperature at the bottom of the compartment to the inlet conditions, the heat and
mass transfer to a given droplet is computed.  Total heat and mass transfer rates are
calculated by multiplying the rates for one droplet by the total number of droplets of that
size and summing over all droplet sizes.

The SPR-RN interface may produce nonphysical results if the SPR package is required to
make multiple passes (numerically) through the same control volume on a given timestep.
Therefore, the user is strongly encouraged to avoid this situation by limiting the spray
activity to a single drop size in each spray train.  The user must also ensure that only one
spray train passes through each control volume.  These restrictions are necessary only
when the SPR and RN packages are used at the same time.

The particulate removal by sprays is a mechanistic treatment of removal processes, closely
coupled to the thermal-hydraulic behavior calculated by the spray package.  The user is
cautioned to use a single drop size and a single spray train per volume because of the
method by which the RN removal calculation is “piggybacked” onto the Spray Package
thermal-hydraulic calculations.  Specifically, the thermal-hydraulic stepwise integration over
the spray train height is made first, then the RN removal processes are calculated by a
simple trapezoidal integration over the step, using the appropriate end-of-interval values.
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Because each droplet size is integrated over the full height of fall separately, there exists
the possibility of competing radionuclide removal by differing drop sizes and competing
removal by different spray trains.

The particulate removal from sprays is modeled as a first-order rate process,

kik,
k M 

dt
dM λ−= (2.75)

where

Mk = mass of class k

λ i k, = rate constant, class k, droplet size i

The actual physical removal processes for vapors and aerosols are different and therefore
different rate constants, λ , are associated with each process.

Vapor removal by adsorption is calculated using a stagnant film model for the adsorption
efficiency.  The vapor removal is calculated as an injection spray removal rate; no
recirculation of spray liquid is considered.  The expression for the rate constant is [24, 25,
26]:

V
HEF

 iki
ik

,
, =λ (2.76)

where

Fi = volumetric flow rate for droplets of size i

Ek,i = adsorption efficiency for vapor class k

H = partition coefficient for partition of the vapor between spray water and
gas

V = volume of control volume

The vapor absorption efficiency is given by the expression [27]
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where kg, the gas boundary layer mass transfer coefficient, is calculated using the Ranz
and Marshall approximation [28] to the Frossling equation [29],

( )3/12/1, Re060.00.2
2

Sc   +   
r

D
 k

i

gask
g = (2.78)

and
�

k , the liquid boundary layer mass transfer coefficient, is calculated using Griffith’s
approximation for diffusion in a rigid drop [30],

i

k

r
D  

  k
3

OH,
2

2π=
� (2.79)

In these equations,

ri = drop radius

te = drop exposure time

Dk,gas = diffusivity of vapor k through bulk gas

OH, 2kD = diffusion constant for vapor k in liquid water

Re = Reynolds number, µρ gidg  / r v 2

Sc = Schmidt number, gaskgg D / ,ρµ

vd = drop velocity

Under LWR accident conditions, iodine may exist as a vapor over relatively long time
periods in containment pressure/temperature conditions.  Other materials have low vapor
pressures at accident conditions that preclude their extended existence as vapors; that is,
they will condense to aerosol forms quickly.  The RN input record series RN2SPRXX
allows the user to specify a limit on iodine adsorption by spray droplets using a partition
coefficient.  The partition coefficient for iodine, defined as the equilibrium ratio of the iodine
density in the liquid to its density in the gas,

ρρ eqg,eq,  H
�

= (2.80)
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is specified by the user for sprays containing different additives, with various recommended
values ranging from 500 to 100,000 [31] listed in the RN Package Users’ Guide.

Aerosol removal is calculated primarily by inertial impaction and interception;
diffusiophoresis and diffusion effects are also included.  No droplet interactions are
considered.  Impaction and interception are the primary removal mechanisms as long as
droplet radii are in the 10 – 100 micron size range.  From 1 – 10 microns diffusiophoresis
becomes an important contributor; diffusion only becomes important for droplets with radii
< 0.1 micron.  The expression for the rate constant is [31]

i

jii
ik Vr

hEF
 

4
3 ,

, =λ (2.81)

where Fi, V, and ri are as defined before, h is the fall height of the drops, and Ei,j is the
efficiency of collection of aerosol particles in size section j by drops of size i.

For viscous flow around a sphere, the collection efficiency for interception (denoted by
subscript In) is given by the expression [32]

( ) ( ) ( ) �
�

�
�
�

�

++
−+= 3

2
, 12

1
12
311

I
  +  

I
     I visInε (2.82)

where I = rp / rd and rp and rd are the radii of the particle and the drop, respectively.

For potential flow around a sphere, the collection efficiency for interception is given by the
expression [32]

12
, )1()1( I  +   I  +   PotIn −=ε (2.83)

For potential flow around a sphere, the collection efficiency for inertial impaction (denoted
by subscript Im) is given by the expression [33]
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for Stk ≥  0.2, is zero for Stk ≤  0.0834, and is given by interpolation for 0.0834 < Stk < 0.2.
For viscous flow around a sphere, the collection efficiency for inertial impaction is given by
the expression [32]
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for Stk > 1.214, and is zero otherwise.  Stk is the Stokes number,
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where vd and vp are the terminal settling velocities of the drop and particle, respectively,
and µ  is the bulk gas viscosity.  An interpolation scheme from Reference [33] is used to
combine the potential and viscous efficiencies for both interception and inertial impaction:
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where Re is the drop Reynolds number and subscript x is either In (interception) or Im
(inertial impaction).

The collection efficiency due to diffusion is given by the expression [25]

23/13/13/26/1 Re57.0)(Re/14.1Re02.3 IIPePediff ++= −ε (2.88)

where Pe is the Peclet number, 2rd(vd - vp)/D.

The collection efficiency due to diffusiophoresis is given by the expression
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where Ws is the mass condensation rate of steam on drops, M is molecular weight, X is
mole fraction, c is the molar concentration of bulk gases, and subscripts s and g refer to
steam and noncondensible bulk gases, respectively.

Finally, the collection efficiencies for different processes are combined using the following
expression
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( )∏ −−=
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where subscript k refers to the collection process.

2.8 Fission Product Chemistry

Chemistry effects can be simulated in MELCOR through the use of class reactions and
class transfers.  The class reaction process uses a first-order reaction equation with
forward and reverse paths.  The class transfer process, which can change the material
class or location of a radionuclide mass, can be used to simulate fast chemical reactions.
With these two processes, phenomena including adsorption, chemisorption, and chemical
reactions can be simulated.

Note:  Only fission product vapors are considered in the chemistry models.

2.8.1 Class Reactions

The reaction process model in MELCOR is a first-order reversible reaction for a class going
from state C in the gas-phase to state C1 on a surface, or

( ) M k  M k  
k+  V/ A k

V /  A  k   
dt

dM
C1rCf

fm

mc −��
�

�
��
�

�−= (2.91)

where

km = mass transfer rate constant for the process, based on the mass transfer
coefficient calculated by the HS Package, (m/s)

kf = forward reaction rate constant from user input, (s-1)

kr = reverse reaction rate constant from user input, (s-1)

A / V = surface-to-volume ratio, where the surface area is that for the reaction
and the volume is that of the control volume (m-1).

The mass transfer rate constant is calculated in the same manner as the vapor
condensation/evaporation diffusivity given in Section 2.5.

The solution technique is the same as for vapor condensation/evaporation under the
assumption that the mass of C1 does not change during the timestep.  This assumption
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avoids solving a differential equation and allows the use of the same algebraic solution
given in Section 2.5.

Alternatively, if the user specifies the use of a deposition velocity instead of the forward
and reverse reaction rate constants,

( )
dt

dM  C VAV  
dt

dM C
d

C 1/ −=−= (2.92)

where Vd is the user input reaction deposition velocity in m/sec.

The reaction only occurs in user-specified control volumes and depends on the availability
of the various classes as determined by the user input reaction stoichiometry.  The first
“from” class in the reaction must be in the vapor phase, while all the other specified classes
must be deposited on the surface when the reaction occurs.  Surfaces that can undergo
reactions include heat structures, the pool surface, and aerosol surfaces as specified by
the user.  A flag to specify whether the reaction still occurs when a water film is present is
also available.  At the present time, water mass should not be used in the class reaction
model.

In addition to the masses, reaction energy can also be specified for both the forward and
reverse directions.  The energy is in terms of the mass of the first “from” reacting class.
This energy is added to the atmosphere in the case of reaction with aerosols, to the pool
for a pool reaction, and to the heat structure if a surface reaction occurs.

2.8.2 Class Transfers

Mass transfers between classes may be accomplished by the transfer mechanisms.  The
user may change the class and location of aerosols and/or vapors in an arbitrary fashion.
Therefore, this feature must be carefully used.

A stoichiometric reaction is specified, and the permitted control volumes and “from” and
“to” states are given.  The permitted states are aerosols or condensed vapors on a given
surface of a heat structure, or aerosols or vapors in either the atmosphere or pool.  A flag
to determine if the transfer will proceed with a water film present is also available.  Water
should not be used in the class transfer model.

The mass transfer rate is given by the user as is the energy transfer information.  The
masses are changed as follows:

t 
dt
dM  M M t from,t + t from, ∆−=∆ (2.93)
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t 
dt
dM M M t to,t + t  to, ∆+=∆ (2.94)

where dM/dt is the user-specified mass transfer rate.  Thus, with this option, aerosols of
Class A in the pool may be, for example, changed into condensed vapors of Class B on
a heat structure.  This model is used for fast reactions with the “from” and “to” state
generally the same.

2.8.3 Example

As an example of both class reactions and class transfers, consider the adsorption of CsI
on a surface with a known deposition velocity which is then transformed immediately to
CsOH plus HI when adsorbed water is present.  After the transformation, the revaporization
of CsOH is delayed until the surface temperature reaches T1 while the HI revaporization
is simply mass transfer limited.  In this case, CsI, CsOH, and HI are separate material
classes, and the reaction diagram can be written as

)(      )(
) on (depends 1

sHIgHI
T   +                                 

CsOH(ad)      CsOH(g)
H2O                                    

CsI(ad)       CsI(g)

↔

↔
↓

→

where (g), (ad), and (s) are gaseous, adsorbed, and solid states, respectively.

This reaction can be simulated by the RN package by the following sequential class
reactions and transfers:

CsI(ad)    CsI(g) → rate constant for adsorption is supplied through input
HI(s)  +  CsOH(ad)    CsI(ad) → instantaneous and complete transfer between

classes when water is present.  Note that the water
mass is not included in the model; water mass is
not explicitly conserved.

CsOH(ad)    CsOH(g) → rate constant for adsorption supplied or condensation
limited
reaction with zero rate constant below T1CsOH(g)    CsOH(ad) →
positive value or instantaneous above T1

HI(g)    HI(s) ↔ controlled by condensation/evaporation
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2.9 Chemisorption on Surfaces

The chemisorption model is implemented as a finite-difference version of the equations in
[34]. The relevant radionuclide classes that are chemisorbed are removed from the vapor
mass arrays and stored in chemisorption arrays. The chemisorption arrays correspond to
six chemisorption classes. In accounting for radionuclide mass and decay power, the
chemisorption classes are mapped back to the corresponding radionuclide class, so
chemisorption output edits are ordered by the radionuclide class rather than by
chemisorption class. Chemisorption shows up in the output edits as an additional column
in the radionuclide mass edits.

2.9.1 Implementation

There are six chemisorption classes corresponding to the first six chemisorption equations
in Table 1 of [34]. There is a mapping array that establishes the correspondence between
the chemisorption classes and the radionuclide classes. The radionuclide classes are
CsOH (2), I2 (4), and the user-defined class used to model CsI (usually 16).  There is no
HI radionuclide class, and hence chemisorption class 5 is mapped to radionuclide class
4. There also is an array that establishes the type of surface material  for the chemisorption
class; at present, this only contains mapping for stainless steel and Zircaloy, although this
could be extended by adding more materials to the database or by implementing a method
of mapping between user-defined materials and the chemisorption classes.

The chemisorption rate equation is

jiji
ij CkA

dt
dM

= (2.95)

Mij = mass of species j chemisorbed on surface i (kg)

Ai = area of surface i (m2)

kij = chemisorption coefficient of species j on surface i (m/s)

Cj = concentration of species j in atmosphere (kg/m3)

The mass chemisorption coefficient kij is temperature dependent and is given as

iij /RTE-
ijij ea  k = (2.96)

where

aij = chemisorption coefficient for species j on surface type i (m/s)
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Eij = activation energy for species j on surface type i (J/kg)

Ti = temperature of surface i (K)

R = universal gas constant (8314 J/kg-K)

As implemented, a finite-difference equation of the form

( ) jiiiij
n
ij CTkAtM M  0 ∆+= (2.97)

is used to advance the chemisorption equations in time. These equations are applied
sequentially in each control volume, for each surface, for each chemisorption class. After
all equations are applied in a given volume, the total chemisorbed for each vapor
radionuclide class is checked to ensure that the total is not greater than the total vapor
mass; the chemisorbed masses for the current  timestep are reduced by the ratio of vapor
mass to chemisorbed mass if this occurs. The chemisorbed masses are then subtracted
from the corresponding radionuclide vapor mass to complete the timestep.

2.9.2 Comparison to Exact Solution

An exact solution to the chemisorption equations can be found over a timestep for
comparison to the numerical solution given above. Briefly, noting that the change in mass
of a given species chemisorbed on a given surface is the same as the negative change in
the species in the vapor phase, that the vapor concentration is the vapor mass divided by
the component volume, and that the sum of the changes over all surfaces is the total
change in vapor mass, the chemisorption equations can be summed and written in terms
of the vapor species mass as

�−= iiji
jj Ak

V
M

  
dt

dM
(2.98)

Defining an effective chemisorption rate for species j as

( ) �= iijij Ak
V
  kA 1 (2.99)

The solution to the above equation is

  )-(kA
jj

jeM  tM 0)( = (2.100)
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where

Mj
0 = vapor mass at time zero (kg).

If we apply the exact equation over a timestep and expand in a Taylor series about the
beginning of the timestep,we have

[ ] ...)t(k AMM jjj +∆−= 10 (2.101)

after dropping higher powers of the timestep. This can be compared to the result of
applying the finite-difference equations, which can be written as the sum also:
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Comparison of the two above equations shows that the finite-difference result is the same
as the Taylor series expansion of the exact solution carried out through linear terms of the
timestep. At this point, it might be asked, why not use the exact solution?  This is not done
because this is an exact solution for the change in the vapor mass, not the change in
chemisorbed mass for each surface. The change in chemisorbed mass for each surface
in the control volume cannot be backed out of the vapor solution.

An exact solution for each surface could be formed, given the assumption that the vapor
mass remains constant over the timestep; these could then be summed, leading to an
equation for vapor mass involving the sum of the exponents, rather that the exponential
of the sum. When expanded in a Taylor series, this results in the same equation as the
above equation.

The above expansion in Taylor series gives a criterion for the accuracy of the solution:

1  t
V
Ak iij <<∆ (2.103)

The chemisorption coefficients are much less than 1, barring user input error (the largest
coefficient, CsOH on stainless steel, is about 0.01 at 2500 K). The ratio Aj /V is less than
1 provided V > 1 m3; for typical MELCOR timesteps of 1 to 5 s, the lower limit on V for the
above inequality to hold is about 1 cc, so it appears that the above will be true except for
very small volumes.
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2.9.3 Implementation Restrictions

As implemented, there is no provision for revaporization of chemisorbed species.
Chemisorbed species will thus stay on the absorbing surface. The first six chemisorption
equations listed in the design report, Table 1, are implemented as the default classes in
the model, because the deposition coefficients for tellurium, rows 7 and 8 in Table 1, are
zero. Also, the model is set up to use the materials in the MELCOR material properties
database as surface materials.  As presently coded, surfaces consisting of user-defined
materials cannot be made active for chemisorption because there is no method to relate
them to the chemisorption classes.  Also, the database does not contain Inconel, which
means that only chemisorption of CsI, CsOH, HI, and I2 on stainless steel and Zircaloy can
occur. The coding framework is set up to use Inconel if it is added to the database in the
future.

As noted in [39], there was no trace of iodine when CsI was chemisorbed on stainless
steel. This means that, realistically, the iodine mass from the CsI should be transferred to
the HI or I2 class when chemisorbing. In the present model, the iodine from the
chemisorbed CsI is transferred to the condensed iodine class, so that it will be released
on the next timestep. Because the CsI chemisorbed class is mapped to the CsI vapor
class, and this class is treated separately in MELCOR from the Cs and iodine element
classes, the chemisorbed Cs is transferred to the corresponding chemisorbed CsOH class
(there currently are two each, for stainless steel and Inconel surfaces). This has two
consequences: the CsI chemisorbed class is always zero, with the Cs showing up in the
CsOH class, and the CsOH class must be active if the CsI class is active (this is the
default).

2.10 Hygroscopic Aerosols

Aerosol particles that are soluble in water exhibit hygroscopic properties such that they can
absorb moisture from an atmosphere with relative humidity less than 100%. This effect will
lead to a growth of the particle size as water vapor condenses onto the soluble particle. An
important consequence of this growth in size (and mass) is an increase in the gravitational
settling rate, and the subsequent depletion of airborne fission product aerosols.

The hygroscopic model in MELCOR is based on the Mason equation describing the
diffusion of water vapor molecules to the surface of an aerosol particle, and the conduction
of the latent heat of vaporization away from the particle and to the bulk atmosphere. The
model presented here includes the solubility (hygroscopic) effect. In addition, the Kelvin
effect, (surface tension) as well as noncontinuum (free molecule) effects, both of which are
important for very small particle sizes, are considered.

In MELCOR 1.8.5, some improvements to the earlier MELCOR 1.8.4  implementation of
the hygroscopic effect are included. Principally these include an updated and generalized
method for calculating the chemical activity of the soluble particle, and a means of
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calculating a mean hygroscopic effect that considers the fact that not all aerosol materials
are soluble and that multi-component aerosols can be comprised of varying proportions
of soluble and non-soluble materials.

2.10.1 The Mason Equation for Particle Growth

The Mason equation [35] describes the rate of condensation or evaporation of water on
an aerosol particle of radius r as:
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In the Mason equation, S  is the atmosphere saturation ratio, or relative humidity and Sr is
the effective saturation ratio at the particle surface.  (Note to reader: a subscript "r" from
here on indicates that the quantity is size or radius dependent.) The term (S -Sr) is the
driving potential for condensation or evaporation.  If the difference is positive, condensation
will occur and if the difference is negative, evaporation takes place.  The Sr term is a
function of the chemical activity of the solution, Ar, which varies with the concentration of
the solute (dissolved solid) within the solvent (water).  The exponential term represents the
Kelvin effect which resists condensation for small particles due to surface tension effects.

In Eq. (2.104), the terms a and b determine the time constant for the particle growth rate
and are defined as:
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The term a accounts for the thermal conduction of the latent heat associated with
condensation from the particle to the atmosphere, and the term b accounts for the diffusion
of water vapor from the atmosphere to the particle surface. The other terms are defined
in the following list of variables.

D*
v = effective vapor diffusion coefficient
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k*
a = effective thermal conductivity of atmosphere

Mw = molecular weight of water
T∞ = bulk atmosphere temperature
Psat(T∞)= saturation pressure of bulk atmosphere gas
R = gas constant
r = particle radius
S = atmosphere saturation ratio (RH/100)
Sr = saturation ratio at particle surface
ρw = density of water
∆hf = heat of vaporization of water
σ = water surface tension

The activity, Ar,  is a function of the concentration of the solute and is the dominant term
in the driving potential for condensation or evaporation, Sr. In the MELCOR 1.8.4 [36]
implementation, the activity was estimated using the van't Hoff formula as follows:
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where ni is the moles of solute i, nw is moles of water, and Ii is the van't Hoff ionization
constant for solute i. An important limitation in the 1.8.4 model was the fact that the sum
in Eq. (2.108) in effect was "simplified" by assuming that all aerosols were soluble and all
had the same ionization factor.   Hence, the effective form for calculating activity in
MELCOR 1.8.4 was:
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where the subscript "s" refers to soluble aerosol (and all aerosols were considered
soluble). In the present MELCOR 1.8.5 model, a generalized and more contemporary form
for the activity is used as follows:
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where,

ns, ni = moles of dissolved solute in wet particle (may be less than total)
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nw = moles of water on wet particle
νi = ionization factor for solute molecule (usually 2).

Note that Eq. (2.108) constitutes a linear approximation of Eq. (2.110) for dilute solutions.
The van't Hoff factors provided some correction to the linearization for concentrated
solutions. In Eq. (2.110) the term νi represents the number of ions formed when the solute
becomes dissolved. This value is normally 2. The form for activity in Eq. (2.110) is more
commonly encountered in chemistry texts describing the solute effect and is similar to that
used in the CONTAIN [37] model for hygroscopic growth.  Additionally, the present activity
form estimates a net activity that is a mole weighted average of all aerosol materials within
a given size range - soluble and insoluble. Finally, the value of ni in the present model is
limited by the saturation solubility of the aerosol component i. The importance of the
revised activity formula is as follows. If the aerosol materials are insoluble or of low
solubility, the aerosol will exhibit low hygroscopic behavior, and if the proportion of soluble
materials in the aerosol composition is large, then a proportionally larger hygroscopic effect
will result.  This replaces the "all or none" treatment that was present in the MELCOR 1.8.4
model.

The activity term,  Ar, is a function of the wet particle radius since, as the particle grows by
condensation of water, the concentration of the solute decreases. When the soluble
particle is virtually dry, any water on the drop acquires a concentration of dissolved solute
that is limited to the maximum solubility of the solute (that is, the solution is saturated with
solute). At this point the chemical activity is at its lowest value, and as a result, the driving
potential, S-Sr, is at it's highest value.  Until sufficient water is acquired to completely
dissolve the aerosol solid material, the activity remains at this minimum value. However,
after this point the concentration of the solute begins to drop below the saturation value,
resulting in an increase in the activity. When infinitely dilute, the activity approaches 1. In
general, the value of Sr is dominated by the activity. As the particle acquires more water,
the value of Sr increases thereby increasing the atmospheric humidity necessary to drive
further condensation.

2.10.2 Transition Regime Corrections to the Mason Equation

The particle growth rate equations (2.104) - (2.107), make use of effective values for the
air thermal conductivity and the diffusion coefficient for water vapor molecules in moist air.
These effective values approach the nominal conductivity and diffusion coefficient values
when the aerosol particle radius is large in comparison to the mean free path of the water
vapor molecules.  However, when the aerosol particle radius is on the order of the vapor
molecule mean free path, these factors introduce correction terms to the otherwise
continuum regime Mason model.  Based on the derivation presented in Prupracher and
Klett [35], the effective values of thermal conductivity and diffusion coefficient are
determined by:
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where

αc = 0.036, the condensation coefficient,
αT = 0.7, thermal accommodation coefficient,
cp,a = atmosphere constant pressure specific heat,
λ = vapor molecular mean free path,
∆V = vapor jump distance λ32.1≈ ,
∆T = thermal jump distance λ≈ , and
Ma = atmosphere molecular weight.

2.10.3 MELCOR Solution to the Mason Equation

In the MELCOR implementation of the Mason expression,  Eq.(2.104) is rewritten as
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which, when expressed in an implicit backwards difference form becomes:
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where all of the right hand side terms are evaluated at the end of time step conditions. A
zero-finder routine is used to solve for the new value of r2 that results in a value for Sr
satisfying Eq. (2.114).  This numerical method is fast, stable and the small amount of
"undershooting" that results from the backward difference is inconsequential in that the
characteristic time associated with Eq.(2.113) attaining steady state is short in comparison
to a typical MELCOR time step.
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2.10.4 User Suggestions Concerning Use of the Hygroscopic Model

MELCOR uses Eq.(2.114) to predict the growth of a representative particle in each of the
size sections, and from this determines a section to section mass transfer that reflects this
growth.  MELCOR uses MAEROS to perform other aerosol dynamics calculations including
agglomeration and deposition.  Understanding the overall model requires understanding
a little about MAEROS. The user is encouraged to review the sections in this manual
pertaining to the MAEROS model. For convenience, the following review is given.
MELCOR of course uses a Class grouping to represent fission product species which have
common physical/chemical characteristics such as volatility. MELCOR's aerosol mechanics
model (MAEROS) recognizes and operates on the aerosol portions of these fission product
(radioactive and non-radioactive) classes.  For the purposes of performing more economic
aerosol mechanics calculations, MELCOR allows the user to define aerosol Components,
which are groupings of one or more fission product Classes.  These components are
allowed to have distinct size distributions. The size distributions are characterized by the
amount of aerosol mass within a range of aerosol particle sizes. These size ranges are
referred to as Sections, or sometimes as size bins. MAEROS homogenizes the section
populations of aerosol classes that are members of the same aerosol component, even if
the user sources in the classes with different size distributions. 

The hygroscopic growth model operates on the section populations without any
consideration of the component definition.  That is to say that all particles of all RN classes
within a given section (regardless of their component assignment) are used to determine
the mean activity using Eq. (2.110), which in turn is used to determine particle growth by
condensation. As a result, all aerosol mass associated with all radionuclide classes that
reside in a given size section are transferred to larger (or smaller) size sections
proportionally by the hygroscopic growth routines.

This means that non-hygroscopic particles residing in a size section that is dominated by
hygroscopic particles will be moved to different size sections along with their hygroscopic
companions, and conversely, hygroscopic particles residing in a size section that is
dominated by non-hygroscopic particles will be retained in the section to the extent
determined by their non-hygroscopic companions. However, if hygroscopic and non-
hygroscopic particles reside in different size sections (which can only be represented by
MAEROS if they are assigned to different aerosol components), the two particle
populations will behave independently.  The hygroscopic particles will grow or shrink,
depending on the relative humidity, while the non-hygroscopic ones will remain the same
size (after losing any water that they may have contained).  This makes it important that
water and non-water aerosol components be assigned to different aerosol classes.  The
MELCOR 1.8.5 code release has a default configuration of 2 aerosol components, one for
water class aerosol which will subsume fog droplets formed as a results of thermodynamic
conditions in the atmosphere into the smallest size section, and one for non-water class
aerosols. Three aerosol components are recommended if it is desired to track hygroscopic
and non-hygroscopic aerosols that have different size distributions.    
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2.11 Iodine Pool Model

2.11.1 Introduction

The potential release of radioactive iodine as a result of a core damage accident in a
nuclear power plant has long been a principal concern of reactor safety and consequence
analyses.  Iodine in particular is a concern because of its major contribution to the
radiological hazard to the environment.  A specific model devoted to the chemistry of iodine
in reactor containments under accident conditions is needed in the MELCOR computer
code because of the unique chemical properties of iodine and the severe consequence
attributed to the release of the radioactive isotopes of iodine to the environment.  Possible
release of iodine has always played a significant role in the regulation of nuclear reactors.
In early assessments of iodine consequences, it was assumed that iodine would be
released to the reactor containment as a gaseous species. About one quarter of the initial
core inventory was assumed to remain in the containment atmosphere, available for
release to the environment.  However, research over the last 15 years has shown it to be
more likely that most of the iodine will be released to the containment atmosphere as
aerosol particles, principally CsI.  The Revised Accident Source Term (NUREG-1465) [38]
assumes that at least 95% of the iodine reaching the containment is in aerosol form. 
Iodine within the containment atmosphere is able to pass through containment leak paths
to the environment, thereby resulting in a dose to the public with ensuing consequences.
Reduction of releases therefore requires control of atmospheric iodine concentration.  This
can be accomplished by causing the iodine to remain confined in aqueous forms in pools
and sumps.  Advanced reactor designs may incorporate chemical systems to keep the
atmospheric concentration of iodine low by trapping iodine in aqueous forms and hence
limit risk.  An important use for MELCOR will be to assess the adequacy of these designs
and identify processes and mechanisms that may defeat the intent of these systems.

Light water reactor containment temperatures can be expected to condense any residual
cesium iodide vapors and form aerosols.  These containments will also contain substantial
quantities of water that can trap aerosol particles during severe accidents.  For example,
the condensation of steam formed during the core degradation processes will take place
to a large extent within the containment.  Trapping of most radionuclides in water
effectively removes these radionuclides from further consideration in the analysis of the
public consequences of reactor accidents by removing them from the containment
atmosphere.  However, radioactive iodine may not remain trapped in water because of its
relatively dynamic chemical behavior.  Engineered safety systems, such as sprays and
suppression pools, are still effective mechanisms for scrubbing particulate iodine from the
system and trapping it in the aqueous phase.  However, there are important processes that
can regenerate gaseous forms of iodine that release into the containment atmosphere from
the water, thus becoming available for release to the environment for long times after the
accident initiation.
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The chemical and radiolytic oxidation of iodine in the pool can lead to the formation of a
variety of chemical forms of iodine, such as elemental iodine and volatile organic iodides.
The formation of volatile iodine in the pool is followed by a “partitioning” of the iodine
between the pool and the atmosphere.  This partitioning is important primarily in the longer
term phases of the accident after the natural and engineered safety features have removed
the other radioactive aerosols released during the accident.  The formation of volatile forms
of iodine in solution is dependent not only upon the dose rate to the aqueous phase but
also on temperature, the hydrogen ion concentration (conventionally expressed as pH),
and the total iodine concentration.  It has been shown experimentally that large fractions
of the iodine released from the reactor core can be expected to reside within the
containment atmosphere in a volatile form when pH is not controlled to an alkalinity level
greater than 7 [38].  It has also been observed that irradiation induced release of acids
from the wall surface coatings, cable insulation, and the containment air lowers the pH [39].
However, the combination of high pH and high irradiation has not been thoroughly tested.
In addition, the effect of other materials on the pool chemistry is not well established. 
Consequently, any model must be adaptable to the results of ongoing research.  This fact
is considered in the design of the MELCOR model, and provision is made to accommodate
new information as it becomes available.

2.11.2 Features of Iodine Pool Model

The iodine pool model addresses these concerns.  It embodies the current state of
knowledge in a form that can be easily modified as current research yields results.  It uses
the known chemistry to predict what factors affect the iodine concentration in the
atmosphere, while allowing for additional chemical reactions.  In the containment
atmosphere, where gas-phase behavior is important, there are submodels relating the
radiolysis of the air and cable insulation to the generation of nitric acid and hydrochloric
acid, respectively.  On the structural surfaces, provision is made to account for the type of
surface, thus allowing the extension to treat the effects of different paints and other surface
coatings on iodine behavior.  In the water pool, where liquid phase behavior is important,
the model determines the pH based upon the user controlled boric acid and phosphate
buffering, the effects of cesium hydroxide, cesium iodide and control rod silver released
by the accident scenario chosen, and the effects of the acids introduced from the
containment atmosphere due to radiolysis. The aqueous pool chemistry model then
determines the speciation of iodine, particularly the important elemental, molecular, and
organic forms, over the full range of pH.  Thus, chemical systems that control pool pH can
be examined as well as pools and films on surfaces that have no pH controls.  With this
combination of features, the iodine pool model allows for the ability to conduct sensitivity
studies and incorporate new effects found in the course of ongoing research.
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2.11.3 Criteria for Application of the Model

A MELCOR calculation typically involves several volumes with differing properties.  When
the model is invoked, it will be applied everywhere.  The full model is used only in volumes
with a pool, atmosphere, and iodine.  Acid generation by radiolysis is still calculated in
volumes with only an atmosphere, as these acids can be transported by MELCOR to other
connected volumes. However, the aqueous chemistry model was designed for volumes
where the pressure is less than 10 atm and the liquid temperature is less than 423 K,
corresponding to conditions in a commercial reactor containment.  If these limits are
exceeded, the pool model becomes invalid.  In such cases, the aqueous chemistry model
is not used.

The effects of partitioning of iodine between the aqueous and gaseous phases is typically
only important in the late term phases of an accident (after about 10 hours for the NUREG-
1465 severe accident [38]).  By this time, most of the iodine in a MELCOR calculation will
have been transported to volumes where the pool model is valid.  At earlier times,
radionuclide behavior will be dominated by other phenomena. Thus, the limitations on the
applicability of the aqueous chemistry model should have little impact on the ability to
calculate the important phenomena in reactor accident sequences.

2.11.4 Detailed Description of the Model

The model involves four areas of modeling as shown schematically in Figure 2.2.  The area
labeled as one  (1) indicates the transport of iodine species among the walls, the bulk gas,
and the pool.  This part of the model interacts directly with the MELCOR intra-cell mass
transport coefficient (TRAP-MELT like) solution, and contributes to determining the structural
surface concentration of the chemically and physically bound iodine species by using kinetic
reactions to determine a transport rate. The change in pool depth from timestep to timestep
changes in heat structure surface area, and transfer of iodine between pools and films is
handled by existing MELCOR coding.  The area labeled as two (2) is the containment
atmosphere part of the model.  It determines the radiolytic formation of acids and the gas-
phase destruction and formation of iodine species.  Species of iodine added to the cell
atmosphere come from the pool, the structural surfaces, and adjacent cells (e.g., the reactor
coolant system break location.)  The area labeled as three (3) is concerned with the
hydrogen ion concentration (i.e., pH), and accounts for the effects of the acids and bases
introduced into the pool as well as the removal of iodine due to silver.  The pH solution is
typically dominated by the effect from the initial buffering of the pool.  Thus, the model does
not currently account for the hydrolysis of the other materials that may be in the pool, for
example, cadmium, sludge, iron, and uranium. The area labeled as four (4) is the aqueous
iodine chemistry model where the iodine, hydrogen, oxygen, carbon, iron, and electron
balance equations are solved.
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The formulation chosen uses a dilute solution approximation that allows the effect of water
radiolysis and radiolytic reactions to be explicitly included and should allow the results of
current experimental studies to be compared.  The approach adopted by Weber et al. [40]
is modified here to include a more comprehensive set of chemical reactions and to explicitly
include dose rate effects for the radiolysis while retaining the quasi-steady approximations
for the dynamic equations.

2.11.5 Interaction with MELCOR

In MELCOR, intra-cell transport processes, for example condensation and aerosol
deposition in a volume, is followed by inter-cell transport of material, for example silver and
iodine moving from the reactor coolant system to the containment. The iodine chemistry
model can be thought of in terms of intra-cell transport.  The iodine model processes affect
the distribution of iodine among the pool, the atmosphere, and the heat structures in

Figure 2.2 Schematic Representation of the Iodine Transformations Considered
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various control volumes.  Thus, for a PWR, after a mix of water and radionuclides has been
removed from the containment by deposition or through the action of the sprays and
placed into the sump, this model allows MELCOR to distribute the iodine among the sump,
the containment open volume, and the walls.  Similarly, in a BWR, after the radionuclides
have been placed in the wetwell, this model allows MELCOR to distribute the iodine among
the suppression pool, the vapor space above it, and the wetwell walls.

Figure 2.3 shows the relationship between the iodine models and the balance of the
MELCOR code.  Volumes 1 and 2 are typical MELCOR hydrodynamic control volumes
where a variety of processes take place.  As shown for volume 1, these include scrubbing
of aerosols from the atmosphere by sprays, deposition of aerosols onto structural surfaces
with water films draining into the pool, and interface transport between pool and
atmosphere.  MELCOR also accounts for the transport of material between volumes.  Not
all MELCOR processes are shown; for example, the heat transfer processes are not
indicated.  None of these MELCOR processes will be affected by adding the iodine model.
The iodine model performs aqueous chemistry calculations within existing pool regions of
MELCOR control volumes.  That is, based upon a species distribution and the radiation
environment it determines the local pH and the quantity of elemental and organic iodine
available at the pool-atmosphere interface.  The model also performs vapor chemistry
calculations within the existing atmosphere regions of MELCOR control volumes.  That is,
based upon a species distribution and the radiation environment, it determines the
radiolytic formation of acids and destruction of iodine. These submodels are shown as the
two add-on boxes above and below volume 1 in Figure 2.3.  The model determines the
transport and partitioning of the iodine species between the pool and atmosphere regions,
allowing  MELCOR to determine the late phase concentration of iodine in the atmosphere.

MELCOR determines the flux of important species into and out of all volumes within the
inter-volume transport calculation.  For the purposes of this model, important transported
species include: the original thirteen (13) MELCOR radionuclide classes, used to determine
the distribution of radiation sources in the control volume (xenon, cesium hydroxide,
barium, elemental iodine, tellurium, ruthenium, molybdenum, cerium, lanthanum, uranium
dioxide, cadmium, tin, and boron classes), four (4) species to control the hydrogen ion
concentration in the pool (boric acid, cesium iodide, and phosphate are new; cesium
hydroxide can be represented by existing class 2), four (4) in the atmosphere (methyl
iodine, hydrochloric acid, and nitric acid are new;  iodine is represented as class 4), two (2)
deposited species (non-volatile form of iodine and methyl iodine to allow for surface
chemistry), one (1) pool species which acts as a sink for iodine (silver, represented as
existing class 12), and three (3) water pool chemistry species (silver iodine and methyl
iodine are new; aqueous iodine is represented as class 4).  There are many more species
included in the aqueous pool chemistry model, including the two main species, elemental
and molecular iodine; however, due to the equilibrium nature of the chemistry model, these
species do not all need to be transported—the model is initialized at the beginning of a
timestep by a small subset of the species, principally iodine, and creates the speciation for
the conditions existing in the pool during that timestep.  Obviously, these new species are
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not all radionuclides and do not need to be examined in all code modules, i.e., they do not
all need to be full RN classes.  Table 2.5 shows some of the main and secondary species
available from the model.

Table 2.5 Representative Species in Iodine Pool Model

Species RN Class (Y/N)? Species RN Class (Y/N)?
I2 Y (4) HOI- N
I- Y (4 or 16) H2O2 N
I3- N O2- N
IO- N HO2- N
IO3- N CH3I Y
I2OH N

Classes 14 (water) and 15 (concrete) are included in the original RN list—even though they
are not “radionuclides”—because they form aerosols.  Many current calculations include
cesium iodide as a user-defined 16th class.  CsI has been changed as part of the iodine
pool model update to be a default RN class.

Volume 1

Atmospheric
(HCl, HNO  3 , I   2  ,CH   3  )

Film
Draining Aerosol

Water
Interface
Transport

Pool Chemistry
(pH, I2, CH3)

Buffers

Volume 2

  (Same processes as shown for Cell 1)

  Atmospheric

  Transport

    Pool

Transport

Figure 2.3 Interface between MELCOR and Iodine Pool Model
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Transport of air and water, also used by the iodine pool model, is done by the MELCOR
hydrodynamics module CVH.  To use the pool model, it is necessary that the atmosphere
components hydrogen, methane, and carbon dioxide be initialized in MELCOR input, as
well as the usual atmosphere constituents (nitrogen, oxygen, and steam).

MELCOR determines the liquid, vapor, and heat structure surface temperatures and vapor
pressure within the volume, within the energy transport calculation.  With this information,
the iodine models determine the intra-cell transport coefficients for the iodine species, that
is, those coefficients determining the transport of elemental and organic iodine between
the pool and the vapor space and between the vapor space and the heat structures.  The
model also determines the change from volatile to non-volatile iodine species on the
surfaces, the change from one iodine species to another in the pool (including silver
iodide), and the homogeneous destruction of iodine species in the atmosphere.

2.11.6 Order of Calculation of Model

The order of calculation in a control volume for the model is shown in Figure 2.4.  This
figure shows that the main functions of the model are carried out in a simple consecutive
order, starting with the check for atmosphere volume in the upper left corner (Block 1) and
continuing to the output block in the lower right corner (Block 14).  Starting with the check
for atmosphere volume, Block 1 in Figure 2.4, the calculation proceeds as follows:
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Figure 2.4 Calculation Flow of MELCOR Iodine Pool Model
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 (1) The atmosphere volume in the control volume is checked against a limit with a
default of 0.1 m3.  If this test is not satisfied, the rest of the model is skipped for this
control volume.

(2) RN class input and atmosphere/pool setup: the atmosphere and pool driver species
are initialized at the beginning of the timestep from the MELCOR RN classes.  This
is only done for the atmosphere and walls at this point in the calculation.  In the
atmosphere, these are iodine (class 4), methyl iodine (class 17), hydrochloric and
nitric acid (classes 18 and 19), and nitrogen, steam, oxygen, hydrogen, carbon
dioxide, and methane (hydrodynamic materials).  Atmosphere, pool, and wall areas
and volumes are set up. Wall species for physically and chemically bound iodine
and methyl iodide, and deposited nitric and hydrochloric acid on wet walls, are
initialized from extended MELCOR chemisorption classes.

(3) The terms in the ordinary differential equations describing mass transport of
hydrochloric and nitric acid from the atmosphere to the walls are set up, as are the
radiolysis generation terms.

(4) The pool species are initialized from the MELCOR RN classes.  These are iodine
(class 4 and 16, CsI), the buffers boric acid (class 20) and phosphate (class 22),
hydrochloric and nitric acid (classes 18 and 19), cations (CsI, class 16), silver (class
12), and iron (class 7).  Although silver iodide is also transported as an RN class,
the pool silver iodide does not need to be initialized, as silver acts only as a sink for
iodine, not a source, and hence silver iodide (once formed) plays no further role in
the pool chemistry.

(5) The rate coefficients for the pool chemistry calculation are initialized.  These will be
used later in the aqueous chemistry routine.

(6) The calculation of mass transport for hydrochloric and nitric acid is done.  This
includes the radiolysis generation rates, transport between the atmosphere and wall
surfaces, and transport between atmosphere and pool.  This last step is necessary
to have the updated pool acid concentrations available for the pH calculation.

(7) The conditions for using the full iodine pool model are checked against limits here.
These include the presence of iodine, atmospheric pressure less than 1 MPa, pool
present, and pool temperature less than 425 K.  If these conditions are not satisfied,
then the rest of the pool calculation is skipped.  There is a user input flag that will
override the iodine criterion, allowing pool hydrolysis calculations to be done.

(8) The pH calculation is performed based on the relative molar concentrations of acids
and bases in the pool.  Alternatively, the pH can be directly entered in user input via
tabular or control functions, or an external data file.
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(9) A fraction of the silver present (set to 10-6) is assumed chemically active and can
remove some of the iodine in the pool as silver iodide, acting as a sink.

(10) The aqueous pool chemistry solver is called.  This is a quasi-equilibrium solver and
assumes steady-state conditions.  The iodine from the MELCOR RN classes 4 (I2)
and 16 (I-) is treated as an initial inventory of I-.  The aqueous chemistry model
performs the speciation of the iodine each timestep, based on the pH and radiolysis
in the pool (see Table 2.5 for major and secondary species available for output in
MELCOR).

(11) The molar concentrations of iodine and methyl iodide in the pool are used to
determine a pool surface concentration.  This is used together with atmosphere
conditions to partition the iodine and methyl iodide between the pool and
atmosphere, giving new concentrations in the pool and atmosphere.

(12) The atmospheric iodine and methyl iodide concentrations are further modified by
atmospheric radiolysis and thermal and concentration-dependent destruction rates
to form free iodine; the final concentrations are determined by a recombination step
using equilibrium coefficients.

(13) The atmosphere iodine and methyl iodide concentrations are used together with the
wall concentrations to determine mass transport between the atmosphere and dry
wall surfaces.  Radiolysis at painted walls is included.

(14) Results of the pool model calculation are output.  The relevant RN classes are
updated, (see block 2 and 4 descriptions), including the silver iodine class.  The
silver iodide class is necessary to maintain mass conservation.  On output, available
cations (Cs) is combined with available I- in the pool to form the new CsI (class 16)
mass, and uncombined Cs or I- are added to the CsOH (class 2) or I2 (class 4)
masses, respectively.  The main iodine species, I2 and I-, are otherwise output as
class 4.  Other secondary species are also added into class 4 to maintain mass
conservation.  Updated wall concentrations are also output.  The pH of the pool is
available as a MELCOR plot variable.  The masses and concentrations of the RN
classes for the pool and atmosphere (transported species) are likewise available via
control functions.  A list of main and secondary species available via control function
is shown in Table 2.5.

2.11.7 Submodels in the Iodine Pool Model

There are seven main submodels in the iodine pool model.  These are detailed below,
starting with the acid generation and transport models.
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2.11.7.1 Acid Generation and Transfer to Walls and Pool

Formation of nitric acid in the atmosphere by radiolysis is calculated using the rate

atmNHNO DMS ��
23

71045.5 −×= (2.115)

where

3HNOS� = formation rate of nitric acid by radiolysis (kg-mole/s)

2NM = mass of nitrogen in the atmosphere (kg)

atmD� = atmosphere dose rate (MRad/hr)

and the constant has the appropriate units

Formation of hydrochloric acid is assumed to occur via radiolysis of plastic wire insulation
in a control volume and go into the atmosphere instantly.  The rate is given as

cablecableHCL DMS �� 71088.2 −×= (2.116)

where

HCLS� = rate of formation of HCl by radiolysis of wire cable insulation (kg-mole/s)

Mcable = mass of cable insulation in control volume (kg)

cableD� = cable dose rate (MRad/hr)

and the constant has the appropriate units.

Nitric and hydrochloric acids in the atmosphere can be deposited in the water films on wet
walls via a non-reversible mass transport equation of the form

acidatmnacidw
nacidw Ck

dt
dC

,,,
,, = (2.117)

where

Cw,acid,n = moles of acid on wall surface n (kg-mole)



RN Package Reference Manual

Rev 2 RN-RM-85 NUREG/CR-6119

kw,acid,n = transport coefficient from atmosphere to wall n for acid (m/s)

Catm,acid = atmospheric moles of acid (kg-mole)

and the subscript acid refers either to nitric or hydrochloric acid.  A similar equation is used
for transport from the atmosphere to the pool.  The new amount of acid in the atmosphere
is determined by summing up the transport to all the wet walls in a control volume and the
pool (if present) to get

acidpoolacidp
n

nwnacidw
atm

acidatm
acidatm SAkAk

V
C

dt
dC

�+�
�

�
�
�

� +−= � ,,,,,
, 1

(2.118)

where

kw,acid,n = transport coefficient from atmosphere to wall surface n for acid (m/s)

Aw,n = wall n surface area (m2)

kp,acid = transport coefficient from atmosphere to pool for acid (m/s)

Apool = pool-atmosphere surface area (m2)

Vatm = atmospheric volume (m3)

acidS� = formation rate of acid (kg-mole/s).

This can be solved analytically over the timestep as

( ) ( ) ( ) ( )( )tk
kV

StktCtC acideff
acideffatm

acid
acideffacidatmacidatm ,

,
,0,, exp1exp −−+−=

�

(2.119)

where keff,acid is defined by

�
�

�
�
�

� += �
n

poolacidpnnacidw
atm

acideff AkAk
V

k ,,,,
1 . (2.120)

The change in amount of wall acid can be expressed in terms of the change in atmospheric
acid as
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( ) ( ) ( ) ( )[ ] ( )( )00,,
,

,,
0,,,, ttStCtC

k
k

tCtC acidacidatmacidatm
acideff

nacidw
nacidwnacidw −+−+= � , (2.121)

and a similar equation applies for the change in pool acid,

( ) ( ) ( ) ( )[ ] ( )( )00,,
,

,
0,, ttStCtC

k
k

tCtC acidacidatmacidatm
acideff

acidp
acidpacidp −+−+= � . (2.122)

Acids deposited in wall films are transported to the pool or other surfaces using the
MELCOR film transport model.

2.11.7.2 Pool pH Calculation

The pool pH is determined either from an acid-base balance or set via user input.  The pH
calculation is done by first performing a charge balance of the acids and bases to estimate
pH, and then performing an iteration over the species and charge balance to get the final
pH.

The first step is to estimate the hydrogen ion concentration (or pH) from a charge balance
on the phosphate (Na3PO4), cation (Cs), nitric and hydrochloric acid concentrations, as

HClHNOCsNaP xxxxZ −−+=∆
3

3

where (kmole=103 mole)

Z∆ = charge balance (kmole/m3)

xNaP = phosphate concentration (Na3PO4), (kmole/m3)

xCs = cation concentration (cesium), (kmole/m3)

3HNOx = nitric acid concentration (kmole/m3)

xHCI = hydrochloric acid concentration (kmole/m3)

If Z∆  is greater than 0, then the pH is estimated as

−OHx = ( )Z∆,0001.0min
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+Hx =
−OH

OHeq

x
K

2,

pH = ( )−OHx10log .

If Z∆  equals 0, then

+Hx = 10-7

pH = 7

If Z∆  is less than 0, then

+Hx = ( )Z∆,0001.0min

pH = ( )+Hx10log

The activities are then initialized.  Activities are calculated using Davies modification of the
Debye-Huckel equation [41],

( ) ( ) �
�

�
�
�

�
−

+
−= Ib

I
IiZAi

1
log 2

10 γ

where

)(iγ = activity coefficient for ion i

Z(i) = absolute value of the charge on ion i

b = empirical constant = 0.2

I = ionic strength, defined as

( ) ( )�=
ionsall

jZjCI 2
2
1

C(j) = concentration of the jth ion in solution

A = ( ) 2/32/16 /10825.1 Tw ερ×
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wρ = density of water (g/cm3)

ε = dielectric constant of water.

The initial strength is estimated using the initial buffer species along with the OH- and H+

concentrations

( )+− +++++= HOHHClHNOCsNaP xxxxxxI
3

35.0 .

The equations to be solved are:

(1) the phosphate mole balance:

( ) [ ] [ ] [ ] [ ]−−− +++= 3
4

2
44243 POHPOPOHPOHPM ,

where M(P) is the total kmoles of phosphate per m3 of water and is user input,

(2) the borate mole balance:

( ) ( )[ ] ( )[ ]34 OHBOHBBM += −

where M(B) is the input kmoles of borate per m3 of water,

(3) the CO2 hydrolysis balance:

( ) [ ] [ ]−− += 2
33 COHCOCM

where M(C) is the moles of dissolved CO2 per m3 of water, and

(4) the charge balance:

[ ] [ ] [ ] [ ] [ ] [ ] ( )[ ]
[ ] [ ] [ ] [ ] ( )PMAHCOHCO

OHBPOHPOPOHOHClNO
32
32

2
33

4
3
4

2
4423

++=++

++++++
++−−

−−−−−−−

where [A+] is the kmoles of alkali per m3 added to adjust for boric acid and the
kmoles/m3 of phosphate added is assumed to be in the form Na3PO4.  Also needed
is the ionization constant for water, written in the form:
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[ ] ( )[ ] ( )11 γγ −+= OHHKw

where the activity coefficients have been included.  The ionization constant is
determined from the formula

( ) 55.33108log5.22.72log 10,10 −−+=
T

K wwpw ρρ

where

Kw,p = ionization constant of water in units of (moles/kg)2

wρ = density of water in g/cm3.

To get the ionization constant in units of (kmole/m3)2, multiply by the density of water
squared:

2
, wpww KK ρ= .

The concentrations of the derived species are determined from equilibrium constants:

[ ] ( )[ ]
( )[ ] ( )2

3

4
4 1γ

OHB
OHBHk

−+

=

wKTT
T

k 1010410 loglog2258.1311748.08397.281573log +−++=

[ ]
[ ][ ]

( )
( ) ( )31

2
3
4

2
4

5 γγ
γ

−+

−

=
POH

HPOk

wK
T

k 10510 log793.1675log ++−=

[ ][ ]
[ ]

( )
( )2
1 2

2
4

42
6 γ

γ
−

−−

=
HPO

POHOHk

045.2461097579.80322082.0ln7345.379.17156log 2

5

610 +×++−−=
T

TT
T

k
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[ ][ ]
[ ] ( )n

POH
POHOHk γ−

−

=
42

43
7

198.2538101340325405.0ln4277.398.17655log 2710 +++−−=
T

TT
T

k

[ ][ ]
[ ] ( )2

2

3
2 1γ

aqCO
HCOHk

−+

=

wK
T

k 10210 log7566.02518log +−=

[ ][ ]
[ ] ( )2

3

2
3

3 γ−

−+

=
HCO

COHk

wK
T

k 10310 log523.32142log +−=

The iteration proceeds by

(1) setting the activities, and mass ratios of the acid and CO2 total masses to the
principal species,

(2) get new species concentrations from the ratios and mole balances,

(3) recalculate the strength and activities including all species in the charge balance,
and

(4) use the charge balance to calculate the pH.  This process is repeated until the pH
converges to within 0.0001.  The iteration is accelerated by using the gradient of the
change in pH after the first 5 iterations.

2.11.7.3 Silver-Iodine Model

Silver in the pool can act to trap iodine.  This is modeled in the iodine pool model by
assuming a fixed fraction of the silver present in the pool (default set at 1 x 10-6) is
available to react with iodine, forming AgI sludge.  The iodine thus reacted is assumed
trapped and does not participate in the pool aqueous chemistry.  The silver is assumed to
be provided by RN class 12, and AgI is given its own RN class.
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2.11.7.4 Iodine Aqueous Pool Chemistry

The aqueous iodine chemistry model is a semi-mechanistic model based primarily on the
INSPECT equation set [42,43] plus work by Powers [44].  The model includes the effects
of radiolysis, take-up of iodine by silver, metal ions (represented by iron), and acid-base
buffers.  Equations are included for organic iodine, represented as methyl iodine.

2.11.7.4.1 Chemical Reaction Equations
The chemical equations in the set are of the general form

DCBA +⇔+

with forward reaction rate kf and reverse rate kr.  These are used to set up chemical
reaction kinetic equations for each chemical species in the set.  Using the above equation
as an example, the reaction rate equation for species C would include terms from this
equation plus perhaps a source from radiolysis:

SDCkBAk
dt
Cd

rf
�+−= ]][[]][[][

where the brackets [ ] indicate concentration of the species and the S�  is the source of C
from radiolysis.  The set of chemical reaction kinetics equations form a coupled set of
nonlinear ordinary differential equations, which are solved using a standard stiff differential
equation solver [45] to get the pool speciation.  Initial conditions are set up by assuming
some species, termed driver species, are given and constant over a calculational timestep.
There are five driver species in the current equation set.  These are aqueous O2, H2, CH4,
OH-, and H+.  Some driver species are set by assuming equilibrium with the atmosphere
via a Henry’s law relationship; these are aqueous O2, H2, and CH4.  The OH- and H+ are
set by determining the pool pH.

The initial total iodine concentration is specified at the beginning of the timestep as species
I, and the iron ion concentration is specified as Fe3+.  Other species in the pool, such as
silver, nitric and hydrochloric acids, and phosphate and borate buffers, do not actually
participate in the calculation of speciation other than to set the initial pH and iodine level
(silver, by removing some iodine).  Pool pH is determined either from an acid-base balance
or is read in directly via user input.

The current chemical equation set consists of 276 equations as given in Table 2.7 through
Table 2.10 and includes 39 species.
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Table 2.6 Kinetic Equations for Water Radiolysis

Number Reaction Rate Constant*
M1 OHH(aq)HOH 2

O
2

O +→+ 4.2 x 107

M2 OHHOOHOH 2
O
222

O +→+ 2.7 x 107

M3  OH(aq)OOOH 2
O +→+ −

2 8 x 109

M4 O
22

O HO(aq)OH →+ 1.2 x 1010

M5 −− →+ 22 HOOHO 2 x 1010

M6 −→+ 2O(aq)Oe 2
_ 1.9 x 1010

M7  OHOHOHe O
22

_ +→+ 1.2 x 1010

M8  OHHOOHOe 2
_ +→++ −−

22 1.3 x 1010

M9 O_ HHe →+ + 2.3 x 1010

M10  OHHOHe O
2

_ +→+ 19
M11  OH OHOe_ +→+ −

2 3.5 x 109

M12 OH(aq)OHOOH 22
O
2

O +→+ 6 x 109

M13 22
O OHOH2 → 5.5 x 109

M14 22
O
2

O OHHOH →+ 2 x 1010

M15 OHOHOHH 2
O

22
O +→+ 5 x 107

M16 OHeH OH 2
_O +→+ 2.5 x 107

M17 −− +→+ 222
O
2 HO(aq)OOHO 9.7 x 107

M18 (aq)OOHHO2 222
O
2 +→ 2.35 x 106

M19 O
22 HOOH →+ −+ 5 x 107

M20 −+ +→ 2
O
2 OHHO (7.93 x 105)

M21 222 OHHOH →+ −+ 2 x 1010

M22 −+ +→ 222 HOHOH (0.0413)
M23  OOH OHOH 2

O +→+ 1.3 x 1010

M24  OHOHOH O O
2 +→+ (1.47 x 108)

M25 OHO OHHO 22
O
2 +→+ − (1 x 109)

M26  OHHOOHO O
222 +→+− (0.639)

M27 OHOHH 2
OO →+ 7 x 109

M28 (aq)HH2 2
O → 5 x 109

M29 (aq)H OHOHHe 22
O_ +→++ 2.4 x 1010

M30 (aq)H 2OHO2H2e 22
_ +→+ 5.5 x 109

M31  OHOHe O_ →+ 3 x 1010
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Number Reaction Rate Constant*
M32 −→+ 32 O(aq)O O 3.5 x 109

M33  OHH O(aq)H O
2 +→+ 1 x 108

M34 −+→+ 2222 OOH OOH 5 x 108

M35  OHHOHOOH O
22

O +→+ − 7.5 x 109

M36 −− +→+ 22 O OH OHO 8 x 108

M37 OH(aq)OOOHO 222223 ++→+ −− 1.6 x 106

M38  OH(aq)OOHOO 2223 ++→+ −−− 8.9 x 105

M40  OH(aq)OHHO 2
O

23 ++→+− 2.5 x 105

M102 O
22 OH2OH → 2.33 x 10-7

(6.4x105 exp (-8540/T))
*Rate constants are in units m3/kmole-s and s-1.  Most rate constants were taken from [42].
 Rate constants within parentheses were estimated as part of this work.

Table 2.7 Reactions of Iodine

Number Reaction Rate Constant*
M53  IeI _O →+ 2.4 x 1010

M54 −→+ 2
_

2 Ie(aq)I 5.1 x 1010

M55 −− →+ 2
 3

_
3 IOeIO 7.8 x 109

M56  2IeI _
2 →+− 1.3 x 1010

M57 −− +→+ 2
_

3 I IeI 3.5 x 1010

M59 −→+ 3
_O

3 IOeIO 13.5 x 1010

M60  O IOeIO _
2 +→+− 11 x 1010

M61  O Ie IO _ +→+ 22.9 x 1010

M62  IOeIO _O →+ 21 x 1010

M63  OH Ie HOI _ +→+ 1.9 x 1010

M65  IHHI OO +→+ + 2.7 x 1010

M66 +− +→+ HIH(aq)I 2
O

2 3.5 x 1010

M67 +− +→+ H 2IHI O
2 1.8 x 107

                                           

1 Rate from Wren

2 Rate from Karasawa
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Number Reaction Rate Constant*
M68 +−− ++→+ HI IHI 2

O
3 8 x 109

M69  HIH I O →+ 5.3 x 106

M70 OH IH HOI 2
O +→+ 4.4 x 1010

M72 OHIHHOI 2
OOO +→+ 1 x 109

M73  2OH(aq)OIOOHOIO 2
O

222 ++→++ −− 1 x 107

M74 (aq)OIO(aq)I 2222 +→+ −− 21 x 109

M75  OH(aq)OIOHOI 2
O

2
O ++→+ − 1 x 106

M76 (aq)O IIOI 2223 ++→+ −−− 22.5 x 108

M77 (aq)O 2IOI 222 +→+ −− 27.5 x 109

M78 (aq)O IOOIO 22
O +→+ − 8 x 107

M79 (aq)OIOOIO 2
2
323 +→+ −−− 8 x 109

M80 −− +→+ 22
O
22 HO(aq)IHOI 1 x 1010

M81 OH(aq)OIHOHOI 22
OO

2
O ++→+ 1 x 105

M82  OH(aq)OIOHOIO 2
OO

22 ++→+− 1 x 107

M83 +− ++→+ H(aq)OIHO(aq)I 22
O
22 1.8 x 107

M84 OOO HOIOHI →+ 1.6 x 1010

M85 OHIOOHHOI 2
OOO +→+ 7 x 109

M86 O
2

OO HIOOHIO →+ 11 x 1010

M87 +− +→+ HIOOHIO 3
OO

2 11 x 1010

M88  HOIOH I O →+ 1.8 x 1010

M89 OOO
2 IHOIOH(aq)I +→+ 1.1 x 1010

M90  OHIOOHIO O
3

O
3 +→+− 21 x 106

M91  OHHOIOH HOI OO +→+ 2.7 x 1010

M92  OH(aq)IOHI 2
O

2 +→+− 3.8 x 1010

M93  OHI(aq)IOHI O
2

O
3 ++→+− 2 x 1010

M94  2OHIOH O I O
2 +→++ 24.7 x 107

M95  2OHIOOH O IO O
2 +→++ 21.1 x 108

M96  2OHIOOH OIO O
323 +→++− 15.23 x 106

M97 OH IOOH I 222 +→+ 10.014
M100 +− ++→+ HHOIOOHIO O

2322
O
3 1 x 109

M101 +++→+ HHO IOHI O
222

O 3000
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Number Reaction Rate Constant*
M103 +− +→ HIOHIO 2

O
2 21 x 1010

M104 −→+ 2
O I II 21.1 x 1010

M105 OOH I HOI +→ 2.25 x 106

M106  OHI HOI I 2 +→+ − 2.5 x 104

M107  OHI HOI O +→ 1.2 x 108

M108  II2I 32 +→ −− 4.5 x 109

M109 (aq)IHOH(aq)OI 2
O
222 +→++ +− 6 x 105

M110 −− →+ 3
O

2 III 4.5 x 109

M111 (aq)I2I 2
O → 1 x 1010

M112 +− ++→+ H 21IOHOII OO
2 1 x 105

M113  OHHIOOHIO 32
2
3 +→+ −− 1 x 108

M114 O
2

O
3 IOIO IIO +→+ − 11 x 106

M115 −+→+ 22
O
2 O(aq)I IIO 1 x 1010

M116  OH(aq)HIOH HI 2
O

2 ++→+ 1000
M117 (aq)HIH HI 2

O +→+ + 11 x 1010

M118  OHI HOII 32 +→+ −− 1.8 x 1010

M119  OH(aq)II HOI 2
O +→+ 2.3 x 1010

M120  2OH(aq)I 2HOI 2 +→ 2 x 1010

M121  HOIeHOI _O →+ 2 x 1010

M122 (aq)O HOIOHOI 22
O +→+ − 11 x 109

M123 22
O OI2IO → 1.5 x 109

M124 +− ++→+ HHOIIOOHOI O
2222 11000

M125  IOIOIOIO O
22

O +→+ − 11 x 1010

M126 +− +→+ HHIOOHIO 32
O
2 11000

M127 OHIOIO2HIO 2233 ++→ −−− 25.2 x 109

M128 +−− +→+ H2IOHIOIO 33
O
3 11 x 1010

M129 −− →+ 3
2
3

O
3 2IOIOIO 11 x 1010

M130 OH(aq)O IOOHIO 22222 ++→+− 1 x 108

M131 ++→+ H OHIOH(aq)I 222 *
M132 OH(aq)IH OHI 222 +→+ + 1 x1010

M133  OHI OH(aq)I 22 →+ 1 x 1010
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Number Reaction Rate Constant*
M134  OH(aq)I OHI 22 +→ 13 x 105

M135 O
2 HOI I OHI +→ 1963

M136  OHIHOI I 2
O →+ 1 x 106

M137 +− ++→+ H 2IIO OHI IO 22 6
M138 +−− ++→+ H 2IIO OHIIO 322 26
M139 +− ++→ 2H IIO2HOI 2

O 16.7
M141 +−− ++→+ H IIOIOHOI 32

O 1 x 107

M144 OH IO OHHOI 2
O +→+ 1 x 109

M145  OHHOIOH IO O
2 +→+ 2750

M146 OH(aq)I2H(aq)1/2O 2I 222 +→++ + 347
M147 +++→+ 2H(aq)1/2O 2IOH(aq)I 222 1 x 10-10

M148 −→+ 32 I I(aq)I

M149  I(aq)II 23 +→− *
M150 02HOI2HIO I →++ +−

2 1012 x R139
M151 −+−− →++ 3323 OIH2H2IIO 6.72 x 108

M152 O3H(aq)3I4H3IOIH 22332 +→++ +−− 1 x 1010

M153 −− +→ III 0
2 1.1 x 105

M154 −− +→+ 22 HO(aq)IIHOOI 4.5 x 105

M155 −− +→+ IHOOIHO(aq)I 22 R154 / 0.04119
M156 00

2
0 OHHOOIHOHOI +→+ 2.1 x 109

M157 OHOIOHHOOI 22 ++→+ −− 2 x 109

M158 OHHOOIOHHOI 222
0 +→+ 37

M159 +− ++→ HOIHOOI 2 0.2
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Number Reaction Rate Constant*
Footnotes to table:
*INSPECT selects a rate constant based on the equilibrium constant and the rate constant
for the back reaction.
**See Powers [44].

( )[ ] [ ] [ ] [ ] [ ] [ ] ( )[ ]
[ ] ( )[ ][ ] ( )[ ]

[ ]( )+

+

+
+

×+
×+

=−=−=−=

H101.471
aqOHOHB I107.14

aqOH I34
dt
(aq)Od2

dt
Hd

2
1

dt
 Id

2
1

dt
aqId

8
23

4

2
222

***See Powers [44].
[ ] [ ] ( )[ ] [ ] ( )[ ]aqO I.

dt
aqOd

dt
 Id

dt
IOd

2
523 1023

3
2 −

−

×=−=−=

Table 2.8 Reactions of Ferrous and Ferric Ions

Number Reaction Rate Constant

M259 −++ +→+ 2
3

2
2 OFe(aq)OFe

[ ] [ ] ( )[ ][ ]
( )3557/Texp3.10k

 OHaqOFek[
dt

Fed

21

2
2

2
2

−=

= +
+

M260 +++ ++→+ HHOFeOHFe O
2

2
22

3 2 x 10-3/(1 + x/[H+])
M261 O

2
2

2
3 HOFeHOFe +→+ +−+ 1.1 x 1024 exp(-14090/T)/(1 + x/[H+])

M262 +++ ++→+ H(aq)OFeHFe 2
2O

2
3 3 x 105

M263 (aq)OFeOFe 2
2

2
3 +→+ +−+ 5040 exp(3294/T)

M264 ++ →+ 2_3 FeeFe 2.3 x 1010

M265 +++ +→+ HFeHFe 2O3 9.6 x 107

M266 2
3O2 HFeHHFe +→++ +++ 7.5 x 106

M267 +++ ++→++ HOHFeOHOHFe 22
2

2
O3 1.5/(1 + y/[H+])  Ref. 184

M268  2OHFeOH OFe 3
2

2 +→++ ++ 3.8 x 109

M269  OHFeOHFe 3O2 +→+ ++ 3 x 108

M270 O3
22

2 OH OHFeOHFe ++→+ ++ 77
M271 −++ +→+ 2

3O
2

2 HOFeHOFe 3 x 107

M272  O OHFeHOFe 3
2

2 ++→+ +−+ 770
M273  2OFeOFe 3

2
2 +→+ +−+ 7.2 x 106

M274 +−++ ++→+ 2HOFeOHFe 2
2

22
3 2 x 10-3 x /([H+] + x)

M275 +−+−+ ++→+ HOFeHOFe 2
2

2
3 1.1 x 1024 exp(-14090/T) x /([H+] + x)
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Number Reaction Rate Constant

M276
+−++ ++→++ 2HHOFeOHOHFe 2

2
2

O3

1.5 y/([H+] + y)  Ref. 184

x = equilibrium constant for 1431/T
2

O
2 10OHHO −−+ =+→

y = equilibrium constant for 3484/T
222 10HOHOH −−+ =+→

Table 2.9 Organic Reactions

Number Reaction Rate Constant
M377 OHCHOH(aq)CH 23

O
4 +→+ 1.21 x 108

M378 +++→+ H IICH(aq)I(aq)CH 324
4

M379  OH IICH IO(aq)CH 34 ++→+ 1 x 108

M380 OHICHHOI(aq)CH 23
O

4 +→+ 1 x 108

M381 productsCH2 3 → 1.24 x 109

M382 OHCHOHCH 3
O

3 →+ 1 x 108

M383 O
3223 OHOHCHOHCH +→+ 3.5 x 107

M384 products(aq)OCH 23 →+ 4.9 x 109

M385 O
3

O
3 OHI(aq)CHHOICH +→+ 1 x 109

M386  OHCHOHeCH 42
_

3 +→++ 1 x 1010

M387 (aq)CHHCH 4
O

3 →+ 1 x1010

M388 I(aq)CHICH 3
O

3 →+ 1 x 1010

M389 O
22

O
33 HIOOCHIOCH +→+ 1 x 108

M390 O
2

O
23 HOIOCHIOCH +→+ 1 x 108

M391 O
3

O
3 HOIOHCHIOCH +→+ 1 x 108

M392 OHCHIHOICH 3
OO

3 +→+ 1 x 108

M393 O
323 II(aq)CH(aq)ICH +→+ 6 x 109

M394  OHHOIOCHHIOCH O
233 ++→+ − 1 x 108

M395 O
3

O
3 IOHCHOHI(aq)CH +→+ 1 x 108

M396  IHOHCHOHICH 323 ++→+ +

Tlog24.429379661.274/T93.14585klog 1010 −−=
M397  IOHCH OHICH 33 +→+ 6.5 x 10-5

M398  ICHeI(aq)CH 3
_

3 +→+ 1.6 x 1010

M399  IHCHHI(aq)CH 3
O

3 ++→+ + 1 x 1010

M400 OICHOHI(aq)CH 4
O

3 →+ 1.4 x 109
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Number Reaction Rate Constant
M401  OHICHOICH 34 +→ + 3.1
M402 OHCHI IOICH 324 +→+ − 2 x 109

M403 OICH OHICH 43 →++ 1 x 1010

M404 +−+ ++→++ HIOHCHOH IICH 2323
7.7 x 109

M405 OHHCOOHOCH 2
O

2 +→+ 1 x 109

M406 −++ +→+ 2
23 IFe 2IFe 21

M407 OHOCHOHOHCH 23
O

3 +→+ 1 x 109

M408 productO2CH3 → 1 x 109

M409 productFeOCHFe 2
3

3 +→+ ++ 1 x 109

M410 OHCHFeFeOCHH 3
32

3 +→++ +++ 1 x 109

M411
23

O
3 HOCHHOHCH +→+ 5 x 108

M412 OCHHeOHCH 3
O_

3 +→+ 1 x 104

M413 OCH(aq)CHOHCHCH 3433 +→+ 2 x 106

M414 OHOHOCHOHOCH 2
O

2223 ++→+ 4 x 104

M415 productsOOCH 23 →+ 4.2 x 109

M416  OHOCHOHeOCH 32
_

2 +→++ 1 x 107

M417 HCOHHOCH 2
O

2 +→+ 5 x 106

M418 HCO(aq)CHCHOCH 432 +→+ 5 x 106

M419 HCO OH OOCH2 +→+ 1 x 109

Table 2.7 is the basic water hydrolysis set from INSPECT [42].  Table 2.7 is the iodine
reaction set from INSPECT [42,43] and Powers [44]; Table 2.10 is the iron reaction set
[44]. Table 2.9 is  the organic iodine set [44].  The framework for the organic reactions is
in place, but the equations have not been entered, due to a lack of data to compare results.
When data becomes available, the organic reactions can be activated by entering the
equations into the EQINIT routine.  The numbers for the reactions in the first column of the
tables corresponds to the reactions as labeled in Powers [44].  The column labeled “Rate
Constant” in the tables gives either a constant rate or refers to a calculated rate as given
in Table 2.10.

Table 2.10 Variable Rates

M10 −− +→+ OHHOHe 0
2 R16*KH2O/KH0

M20 −+ +→ 2
0
2 OHHO R19*KHO2

M22 −+ +→ 222 HOHOH R21*KH2O2
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M24 −− +→+ OHOHOHO 0
2 R23*KH2O/KOH0

M26 −− +→+ OHHOOHO 0
222 R25*R19*KH2O/R20

M102 0
22 2OHOH → 6.4x105 exp(-8540/T)

M134 ( ) −− +→ OHaqIOHI 22 R132*R133*KH2O/R131
M145 −− +→+ OHHOIOHIO 0

2 R144*R152*KH2O/R151
M149 ( ) −− +→ IaqII 23 R148/K3

The Kn in the third column of Table 2.10 are equilibrium constants, and the Rn are reaction
rates for equation number n.  Also needed are the acid dissociation constants (Table 2.11)

Table 2.11 Acid Dissociation Constants
+− +⇔ HOOH0 log10 KOH0 = -4893.6/T + 60.701 – 22.629 log10 T

+− +⇔ HHOOH 222 log10 KH2O2 = -3789.7/T + 56.284 – 16.473 log10 T
+− +⇔ HOHO 2

0
2 log10 KHO2 = -519/T – 3.06

OHeOHH 2
0 +⇔+ −− log10 KH0 = -2317/T – 1.816

−− +⇔ III 23 log10 KI3- = 945.5/T – 0.282
+− +⇔ HIOHOI log10 KHOI = -80670/T + 0.7335 T +2800 – 1115.1 log10 T

The solution of the equation set proceeds as follows (box 10 in Figure 2.4):

(1) If this is the initial calculation of speciation (indicated by all species being zero other
than the drivers), an initialization is performed to set the initial speciation.  At
present, this consists of solving for the iodine ion concentration from a set of five
equations; these can be reduced to a cubic equation in I-, which is then solved for
directly.  The other species in the five equations (I2aq, HOI, IO3

-, and I3-) could also
be initialized, but this does not seem to be necessary.  In actuality, iodine ion is
approximately equal to the total iodine concentration over most of the pH range and
only differs at low pHs.

(2) If the pool speciation calculation has been done previously (on the last timestep),
the speciation from the last timestep is used as the initial speciation.

(3) The set of chemical reaction equations is solved via a stiff ODE solver  [45].  As
implemented in MELCOR, the equations are advanced in “time” using a default
“timestep” of 2.0s until equilibrium is reached, indicated by the changes in the
species concentrations being less than an error criterion, or 2000 steps are taken.
This result is then taken as the pool speciation.  This equilibrium approach is used,
rather than advancing the equations in real time, because of the uncertainty in the
actual time history of the pool.  That is, the pool initial conditions are set to a
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simplified starting point when the pool model becomes activated.  This initial starting
point does not necessarily reflect the actual pool speciation at pool model activation
time, and it is unknown to the pool model how long the pool has actually been in
existence.  Therefore, the time advancement of the pool equations is treated as an
advancement in iteration time to equilibrium, rather than advancement in real time.
The “iteration timestep”, the number of steps, and the convergence criteria are
adjustable via sensitivity coefficients 7181.

2.11.7.4.2 Aqueous Radiolysis
The radiolysis model for the pool uses a set of temperature-dependent yields based on
values recommended by Buxton et al. [46] at 298 K and  Elliot et al. [47] at 573 K, as listed
in Table 2.12.

Table 2.12 Primary Products of Water Radiolysis

Species G (molecules/100 ev)
e- = H+ 0.9204 + 5.364 T/1000
H 0.0798 + 1.7454 T/1000
OH0 1.3238 + 4.6182 T/1000
H2 0.2658 + 0.6182 T/1000
H2O2 0.1040 + 2.000 T/1000

This set of yields is used with the user-specified pool dose to calculate the radiolysis
source terms for the aqueous chemistry reaction set, as

pooli DiGS �� 71088.2)( −×=

where

iS� = radiolysis source for species i in pool (kmole/m3-s)

G(i) = yield factor for species i

poolD� = dose rate to pool (MRad/hr)

2.11.7.4.3 Speciation Initialization
The initialization of the pool species is done by combining a set of five iodine equations to
eliminate all but the I- concentration.  This gives a cubic equation in the I- concentration,
which can be solved directly.  The equation set does not include the effects of H2O2 on
iodine, so is not a particularly good guess at high pHs.
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2.11.7.5 Pool-Atmosphere Mass Transfer

Once the pool speciation is determined by the aqueous chemistry model, the mass
exchange of iodine and methyl iodine with the atmosphere is calculated (see Figure 2.4).
This is done via a two-film model, in which the concentration of iodine  species in the pool
at the pool surface is assumed to be in equilibrium via a partition coefficient with the
species in the atmosphere in a film next to the pool surface at local saturation conditions.
Mass transfer is then done between this surface film and the bulk atmosphere based on
the surface-bulk species concentration difference and a mass transfer coefficient.  Transfer
rates between the bulk pool and pool surface are ignored (the pool is assumed to be well-
stirred).  Partition coefficients are included for I2, CH3I, I0, and HOI. The mass transfer
equation for iodine is written as

( )][/][][
222

2
atmIaq

atm

pool
pool

atm IPCI
V
A

k
dt
Id −=

where

[I2atm] = atmospheric iodine concentration (kmole/m3)

[I2aq] = bulk pool iodine concentration (kmole/m3)

kpool = mass transfer coefficient from pool surface to atmosphere (m/s)

PCI2 = partition coefficient for iodine.

The above equation can be written several ways, so care must be taken when comparing
between codes.

The partition coefficient is defined as PCI = (concentration of species i in aqueous phase)
/ (concentration of species i in gas-phase).  The most important species released from the
pool to the atmosphere is molecular iodine.  The partition coefficient for iodine used in
MELCOR is given as [48]

25
210 10166.70605142.05467.13log TTPCI

−×+−=

where T is in K.°   The partition coefficients for Io and HOI in MELCOR are both the same
and are given as

20 0238.0 II PCPC =
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This is derived by taking the ratio of the PC for I0 (1.9) [43] and that for I2 at room
temperature and pressure, and assuming the same temperature dependence for I0 as for
I2. The partition coefficients for I0 and HOI should be used with caution, as there is little
proof for the contention that either can be released from the pool.  Although a number of
researchers have suggested partition coefficients for HOI, researchers have failed to
measure its presence [49], and the partition coefficient for HOI should be regarded as a
placeholder.  Likewise, release of atomic iodine is controversial.  These two PCs are
defaulted to OFF in the iodine model but can be turned on via user input.  The PC for
methyl iodine is [50]

�
�

�
�
�

�×= −

T
PCCI

2641exp104.9 4

2.11.7.6 Iodine Atmospheric Radiolysis and Recombination

The atmospheric radiolysis model considers homogeneous radiolytic decomposition of
iodine species, and subsequent recombination reactions.

The atmospheric reduction of iodine is represented by reactions with hydrogen and ozone,
and radiolytic reduction.  The thermal reduction reaction with hydrogen is

[ ] [ ][ ]22
2 HIk
dt
Id

atmTIH
atm −=

where the reaction rate is [51]

�
�

�
�
�

�−×=
T

kTIH
20131exp101 11

And,

kTIH = reaction coefficient with hydrogen (m3/kMol-s)

T = atmospheric temperature (K).

The reaction with ozone is

[ ] [ ][ ]32
2 OIk
dt
Id

atmTIO
atm −=
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where the reaction coefficient is [52]

�
�

�
�
�

�−×=
T

kTIO
2050exp1042.2 6 .

The radiolytic reduction effect is given as [53]

atmRI Dk �028.0=

where

kRI = radiolytic reduction coefficient, and

atmD� = atmospheric dose rate (MRad/hr).

The organic iodine is similarly reduced using an oxidation and a radiolytic reaction [54].
The oxidation reaction is

[ ] [ ][ ]23
3 OICHk

dt
ICHd

atmTCIO
atm −=

where

[CH3Iatm] = atmospheric methyl iodide concentration (kmole/m3),

kTCIO = oxidation reaction rate, given as

kTCIO = �
�

�
�
�

�−
T

13235exp109 .

The radiolytic reduction rate is

atmRCL DK �00164.0=

where, kRCI is the radiolytic reduction coefficient for CH3I. The effect of the decomposition
is to increase the amount of elemental iodine in the atmosphere, decreasing the amount
of I2 and CH3I.
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The recombination reaction is assumed to be in equilibrium, using the new concentrations
of I2 and I0.  An equilibrium coefficient,

( )
( )2

2
2 Ip

IpK II =

�
�

�
�
�

�×= −

T
K II

18163exp1044.5 6
2

and a mole balance on the iodine in the atmosphere as I2 and I0

[ ] [ ]0
22)( IIIM +=

where M(I) is the molar concentration of I, is used to calculate the recombination of
elemental iodine into I2.  Combining the equilibrium coefficient KI2I with the mole balance
gives the new concentration of I0 as

[ ] ( )[ ]RTIMK
RTK

I II
II

2
2

0 811
4

1 ++−= .

Since I0 is not tracked in MELCOR, the I0 is added to the I2 for purposes of transport. The
net effect of the decomposition-recombination reactions is to deplete CH3I from the
atmosphere and form I2.

where

[I2wall] = wall surface iodine concentration (kmole/m2)

kad = adsorption coefficient (m/s)

kde = desorption coefficient (s-1).

Default values for steel walls were selected to match results of RTF tests [55].  The
coefficients are adjustable via sensitivity coefficients 7180.  If the dry wall surfaces
subsequently become wet, the water film is assumed to completely dissolve the adsorbed
iodine and the film can drain to other surfaces or the pool via the MELCOR film model. 
The same model is used for steel or painted surfaces, although there is some evidence for
a second stage chemical reaction process on painted adsorbing surfaces.  There is not
enough data presently available to determine the terms for such a model, so the physical
model is used by itself.
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2.11.7.7 Iodine Atmosphere-Wall Deposition

Iodine species in the atmosphere are allowed to deposit on dry wall surfaces via a physical
adsorption-desorption model similar to the one in LIRIC [55].  The model is given as

][][][
22

2
walldeatmad

wall IkIk
dt
Id −=

where

[I2wall] = wall surface iodine concentration (kmole/m2)

kad = adsorption coefficient (m/s), and

kde = desorption coefficient (s-1).

Default values for steel walls were selected to match results of RTF tests [55].  The
coefficients are adjustable via sensitivity coefficients 7180.  If the dry wall surfaces
subsequently become wet, the water film is assumed to completely dissolve the adsorbed
iodine and the film can drain to other surfaces or the pool via the MELCOR film model. 
The same model is used for steel or painted surfaces, although there is some evidence for
a second stage chemical reaction process on painted adsorbing surfaces.  There is not
enough data presently available to determine the terms for such a model, so the physical
model is used by itself.

2.11.8 Data Base Supporting Model Validation

There are three series of experiments that can be used for validating these models, the wide
ranging Radioiodine Test Facility (RTF) experiments that are part of the Advanced
Containment Experiments (ACE) performed at (AECL) Whiteshell Nuclear Research
Establishment [56], small scale radiolysis tests performed at (CEA) Cadarache [57], and the
hydrolysis experiments performed at Oak Ridge National Laboratory (ORNL) [40].  In the
RTF experiments, tests 2 and 3 varied the pH over a wide range and measured the iodine
partition coefficient, that is, the ratio of the aqueous iodine to the airborne iodine
concentrations.  Qualitatively, they were able to show that as the pH increases, the partition
coefficient increases, and the atmospheric iodine concentration decreases.  In the CEA tests,
a solution of iodine was exposed to a 0.4 MR/hr source and the iodine speciation was
measured.  The present MELCOR iodine model was used in a recent participation in
International Standard Problem (ISP) 41.

In the ORNL experiments, the temperature and pH of a pool was varied from 25 to 90
degrees Centigrade and from 3 to 9, respectively.  In these tests, the end product iodine
speciation was measured.
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Development and testing of the model initial testing was based on comparison with the
results from other codes, in particular radiolysis results from the INSPECT code.  Testing
against ISP41 results validated the iodine pool-atmosphere partitioning variation with pH and
the coefficients for the wall deposition on steel walls [58].  As mentioned, sufficient data to
vallidate the organic reaction set is not yet available, so the organic reactions are not
implemented, although all the framework is present.

In later testing, the model will be compared with the available experimental data discussed
previously, that is, the Canadian, French, and Oak Ridge data for validation.  Finally, the
effect of iodine chemistry on a late phase accident will be evaluated.

3. Discussion and Development Plans

3.1 RCS Deposition

The MELCOR Peer Review also placed the omission of some aerosol deposition
processes, principally inertial impaction and turbulent deposition, on the list of the most
important missing models in MELCOR.  These processes, which are not generally
important in containment and which therefore are not included in MAEROS, may assume
primary importance in the reactor coolant system.  As discussed in the MELCOR Peer
Review, experimental data and calculations using more comprehensive aerosol deposition
models indicate that the neglect of these processes may result in a significant
underestimate of the retention of aerosols in the primary system, especially for low-
pressure sequences in which gas velocities are high.  However, the Marviken assessment
calculations [59] showed good agreement with primary system retention data for both
aerosols and fission product vapors, indicating the possibility of compensating processes.

3.2 Chemical Reactions with Surfaces

The MELCOR Peer Review also identified the lack of explicit modeling in MELCOR for
chemical reactions between deposited fission products and structures in the primary
system as one of the most important missing models.  Such reactions can greatly affect
deposition (chemisorption) and revaporization rates.  Although a framework exists in the
RN package for allowing user specification of chemical reactions, it is largely untested and
unused.  Because user input is basically unconstrained, the generation of errors through
unexpected reactions is quite possible.  The MELCOR Peer Review noted that the lack of
explicit modeling applies to all accident sequences and is particularly serious for cesium
hydroxide and tellurium compounds.  This has been addressed in release 1.8.4 via the
surface chemisorption model.
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3.3 Aqueous Chemistry

The MELCOR Peer Review separately identified fission product chemistry in water pools
as a less critical but still important modeling omission.  The chief concern expressed in the
MELCOR Peer Review was that release of iodine to the environment may be understated
because MELCOR neglects processes that can occur in water pools to transform cesium
iodide into more volatile forms of iodine (e.g., reaction with methane to form methyl iodide).
The MELCOR 1.8.5 code release includes a detailed iodine pool chemistry model, based
largely on the INSPECT code and on work by Powers. The model has received limited
testing and verification against the ISP-41 test data [58]. Future assessment against other
experimental data is recommended in order to further evaluate and refine other important
aspects of iodine chemistry including organic compounds and silver.
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Appendix A:  RN Package Sensitivity Coefficients

This appendix gives the sensitivity coefficients associated with various correlations and
modeling parameters described in this reference manual.

Equation or Section Coefficient Value Units
Sec. 2.4.2.3 C7000(1) 1.0E-18 -

C7000(2) 0.001 -
C7000(3) 0.1 -
C7000(4) 0.1 -
C7000(5) 1.0E-12 kg/m3

Aerosol Coefficient Criteria
C7001(1) 1.0E-18 -
C7001(2) 0.001 -

Fission Product Decay Beta Range
Sec. 2.6 C7002(1) 1.2 Kg/m2

COR Material Release Multipliers
Sec. 2.3.1 C7100(1) 1.0 -

C7100(2) 0.0 -
C7100(3) 0.0 -
C7100(4) 0.0 -
C7100(5) 0.0 -
C7100(6) 0.0 -
C7100(7) 0.0 -

CORSOR Coefficients
2.3.1 C7101(1,1,k), k≠ 5  900.0 K

C7101(2,1,k), k≠ 5 1400.0 K
C7101(3,1,k), k≠ 5 2200.0 K
C7101(1,1,5)  900.0 K
C7101(2,1,5) 1600.0 K
C7101(3,1,5) 2000.0 K
C7101(1,2,1) 7.02E-9 min-1
C7101(2,2,1) 2.02E-7 min-1
C7101(3,2,1) 1.74E-5 min-1

C7101(1,3,1) 0.00886 1C −°
C7101(2,3,1) 0.00667 1C −°
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CORSOR Coefficients
C7101(3,3,1) 0.00460 1C −°
C7101(1,2,2) 7.53E-12 min-1
C7101(2,2,2) 2.02E-7 min-1
C7101(3,2,2) 1.74E-5 min-1
C7101(1,3,2) 0.0142 1C −°
C7101(2,3,2) 0.00667 1C −°
C7101(3,3,2) 0.00460 1C −°
C7101(1,2,3) 7.50E-14 min-1
C7101(2,2,3) 8.26E-9 min-1
C7101(3,2,3) 1.38E-5 min-1
C7101(1,3,3) 0.0144 1C −°
C7101(2,3,3) 0.00631 1C −°
C7101(3,3,3) 0.00290 1C −°
C7101(1,2,4) 7.02E-9 min-1
C7101(2,2,4) 2.02E-7 min-1
C7101(3,2,4) 1.74E-5 min-1
C7101(1,3,4) 0.00886 1C −°
C7101(2,3,4) 0.00667 1C −°
C7101(3,3,4) 0.00460 1C −°
C7101(1,2,5) 1.62E-11 min-1
C7101(2,2,5) 9.04E-8 min-1
C7101(3,2,5) 6.02E-6 min-1
C7101(1,3,5) 0.0106 1C −°
C7101(2,3,5) 0.00552 1C −°
C7101(3,3,5) 0.00312 1C −°
C7101(1,2,6) 1.36E-11 min-1
C7101(2,2,6) 1.36E-11 min-1
C7101(3,2,6) 1.40E-6 min-1
C7101(1,3,6) 0.00768 1C −°
C7101(2,3,6) 0.00768 1C −°
C7101(3,3,6) 0.00248 1C −°
C7101(1,2,7) 5.01E012 min-1
C7101(2,2,7) 5.93E-8 min-1
C7101(3,2,7) 3.70E-5 min-1
C7101(1,3,7) 0.0115 1C −°
C7101(2,3,7) 0.00523 1C −°
C7101(3,3,7) 0.00200 1C −°
C7101(1,2,8) 6.64E-12 min-1
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CORSOR Coefficients
C7101(2,2,8) 6.64E-12 min-1
C7101(3,2,8) 1.48E-7 min-1
C7101(1,3,8) 0.00631 1C −°
C7101(2,3,8) 0.00631 1C −°
C7101(3,3,8) 0.00177 1C −°
C7101(1,2,9) 5.00E-13 min-1
C7101(2,2,9) 5.00E-13 min-1
C7101(3,2,9) 5.00E-13 min-1
C7101(1,3,9) 0.00768 1C −°
C7101(2,3,9) 0.00768 1C −°
C7101(3,3,9) 0.00768 1C −°
C7101(1,2,10) 5.00E-13 min-1
C7101(2,2,10) 5.00E-13 min-1
C7101(3,2,10) 5.00E-13 min-1
C7101(1,3,10) 0.00768 1C −°
C7101(2,3,10) 0.00768 1C −°
C7101(3,3,10) 0.00768 1C −°
C7101(1,2,11) 1.90E-12 min-1
C7101(2,2,11) 5.88E-9 min-1
C7101(3,2,11) 2.56E-6 min-1
C7101(1,3,11) 0.0128 1−°C
C7101(2,3,11) 0.00708 1C −°
C7101(3,3,11) 0.00426 1C −°
C7101(1,2,12) 1.90E-12 min-1
C7101(2,2,12) 5.88E-9 min-1
C7101(3,2,12) 2.56E-6 min-1
C7101(1,3,12) 0.0128 1C −°
C7101(2,3,12) 0.00708 1C −°
C7101(3,3,12) 0.00426 1C −°
C7101(1,2,13:20) 0.0 min-1
C7101(2,2,13:20) 0.0 min-1
C7101(3,2,13:20) 0.0 min-1
C7101(1,3,13:20) 0.0 1C −°
C7101(2,3,13:20) 0.0 1C −°
C7101(3,3,13:20) 0.0 1C −°

CORSOR-M Coefficients
2.3.2 C7102(1,1) 2.0E5 min-1
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CORSOR-M Coefficients
C7102(2,1) 63.8 kcal/mole
C7102(1,2) 2.0E5 min-1

C7102(2,2) 63.8 kcal/mole
C7102(1,3) 2.95E5 min-1

C7102(2,3) 100.2 kcal/mole
C7102(1,4) 2.0E5 min-1

C7102(2,4) 63.8 kcal/mole
C7102(1,5) 2.0E5 min-1

C7102(2,5) 63.8 kcal/mole
C7102(1,6) 1.62E6 min-1

C7102(2,6) 152.8 kcal/mole
C7102(1,7)* 23.15 min-1

C7102(2,7)* 44.1 kcal/mole
C7102(1,8) 2.67E8 min-1

C7102(2,8) 188.2 kcal/mole
C7102(1,9)** 1.46E7 min-1

C7102(2,9)** 143.1 kcal/mole
C7102(1,10) 1.46E7 min-1

C7102(2,10) 143.1 kcal/mole
C7102(1,11)** 5.95E3 min-1

C7102(2,11)** 70.8 kcal/mole
C7102(1,12) 5.95E3 min-1

C7102(2,12) 70.8 kcal/mole
C7102(1,13) 0.0 min-1

C7102(2,13) 0.0 kcal/mole
Note. The CORSOR-M model does not consider release from Class 7 (Moly), Class 9 (La) or Class 11 (Cd) to be significant.

Previous versions of MELCOR used zero values for these classes when using CORSOR-M. In MELCOR 1.8.5 non-zero
release coefficients are supplied as described.

* Coefficients for CORSOR-M class 7 (Moly) are based on a curve fit to the CORSOR release model for Class 7.

** Coefficients for CORSOR-M Class 7 are set identical to the CORSOR-M Class 8 values, following the same assumption as
used in the CORSOR model for Class 7.  Likewise for Class 11 and 12.

CORSOR-Booth Class Scaling Factors: Nominal Values
C7103(1) 1.0 -
C7103(2) 1.0 -
C7103(3) 3.33E-3 -
C7103(4) 1.0 -
C7103(5) 1.0 -
C7103(6) 1.0E-4 -
C7103(7) 1.0E-3 -
C7103(8) 3.34E-5 -
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CORSOR-Booth Class Scaling Factors: Nominal Values
C7103(9) 1.0E-4 -
C7103(10) 1.0E-4 -
C7103(11) 5.0E-2 -
C7103(12) 5.0E-2 -
C7103(13:20) 0.0 -

Release Surface-to-Volume Ratio
C7104(1) 422.5 m-1

Modification of Release Rates for Tellurium
Sec. 2.3.1 C7105(1) 5.0 -

C7105(2) 0.7 -
C7105(3) 0.025 -

CORSOR-Booth Coefficients for Cesium
2.3.3 C7106(1) 5.0E-8 m2/s

C7106(2) 2.5E-7 m2/s
C7106(3) 3.0E4 MWD/MTU
C7106(4) 3.8E5 J/kg-mole
C7106(5) 1.0E-5 m

CORSOR-Booth Class Scaling Factors: Oxidation Modified
C7107(6,3) 0.05 -
C7107(7,3) 0.05 -
C7107(6,5) 0.70 -
C7107(7,5) 0.025 -
C7107(1,6) 0.75 -
C7107(2,6) 2300.0 K
C7107(3,6) 1.06792E-20 -
C7107(4,6) 0.0159923 K-1

C7107(5,6) 2700.0 K
C7107(6,9) 0.05 -
C7107(7,9) 0.10 -
C7107(1,11:12) 0.75 -
C7107(2,11:12) 2000.0 K
C7107(3,11:12) 3.194E-9 -
C7107(4,11:12) 0.008283 K-1

C7107(5,11:12) 2300.0 K
   otherwise
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CORSOR-Booth Class Scaling Factors: Oxidation Modified
C7107(1,i) 1.1 -
C7107(2,i) 0.0 K
C7107(3,i) 0.0 -
C7107(4,i) 0.0 K-1

C7107(5,i) 0.0 K
C7107(6,i) -1.0 -
C7107(7,i) 0.0 -

Vapor Pressure
2.5.22 C7110(1,1,1) 0.0 K

C7110(1,2,1) -1.0 K
C7110(2,1,1) 10000.0 K
C7110(1,1,2) 600.0 K
C7110(1,2,2) 9400.0 K
C7110(1,3,2) 21.59 -
C7110(1,4,2) -3.75 -
C7110(2,1,2) 1553.0 K
C7110(2,2,2) 6870.778 K
C7110(2,3,2) 7.994503 -
C7110(2,4,2) 0. -
C7110(1,1,3) 1000.0 K
C7110(1,2,3) 7836.0 K
C7110(1,3,3) 6.44 -
C7110(1,4,3) 0. -
C7110(2,1,3) 10000. K
C7110(1,1,4) 298.0 K
C7110(1,2,4) 3578.0 K
C7110(1,3,4) 17.72 -
C7110(1,4,4) -2.51 -
C7110(2,1,4) 387.0 K
C7110(2,2,4) 3205.0 K
C7110(2,3,4) 23.66536 -
C7110(2,4,4) -5.18 -
C7110(3,1,4) 457.0 K
C7710(3,2,4) 2176.912045 K
C7110(3,3,4) 7.63735266 -
C7110(3,4,4) 0. -
C7110(1,1,5) 298.0 K
C7110(1,2,5) 13940.0 K
C7110(1,3,5) 23.51 -
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Vapor Pressure
C7110(1,4,5) -3.52 -
C7110(2,1,5) 10000.0 K
C7110(1,1,6) 1500.0 K
C7110(1,2,6) 33200.0 K
C7110(1,3,6) 10.6088 -
C7110(1,4,6) 0.0 -
C7110(2,1,6) 10000.0 K
C7110(1,1,7) 1500.0 K
C7110(1,2,7) 32800.0 K
C7110(1,3,7) 9.68 -
C7110(1,4,7) 0.0 -
C7110(2,1,7) 10000.0 K
C7110(1,1,8) 1500.0 K
C7110(1,2,8) 21570.0 K
C7110(1,3,8) 8.74 -
C7110(1,4,8) 0.0 -
C7110(2,1,8) 10000.0 K
C7110(1,1,9) 1500.0 K
C7110(1,2,9) 21800.0 K
C7110(1,3,9) 8.683 -
C7110(1,4,9) 0.0 -
C7110(2,1,9) 10000.0 K
C7110(1,1,10) 1500.0 K
C7110(1,2,10) 32110.0 K
C7110(1,3,10) 11.873 -
C7110(1,4,10) 0.0 -
C7110(2,1,10) 10000.0 K
C7110(1,1,11) 1000.0 K
C7110(1,2,11) 13730.0 K
C7110(1,3,11) 8.43 -
C7110(1,4,11) 0.0 -
C7110(2,1,11) 10000.0 K
C7110(1,1,12) 1000.0 K
C7110(1,2,12) 15400.0 K
C7110(1,3,12) 8.15 -
C7110(1,4,12) 0.0 -
C7110(2,1,12) 10000.0 K
C7110(1,1,13) 1000.0 K
C7110(1,2,13) 19520.0 K
C7110(1,3,13) 11.125 -
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Vapor Pressure
C7110(1,4,13) 0.0 -
C7110(2,1,13) 10000.0 K
C7110(1,1,14:15) 3000.0 K
C7110(1,2,14:15) 18000.0 K
C7110(1,3,14:15) 8.875 -
C7110(1,4,14:15) 0. -
C7110(2,1,14:15) 10000. K
C7110(1,1,16) 600.0 K
C7110(1,2,16) 10420.0 K
C7110(1,3,16) 19.70 -
C7110(1,4,16) -3.02 -
C7110(2,1,16) 894.0 K
C7110(2,2,16) 9678.0 K
C7110(2,3,16) 20.34569 -
C7110(2,4,16) -3.52 -
C7110(3,1,16) 1553.0 K
C7110(1,1,17:20) 3000.0 K
C7110(1,2,17:20) 18000.0 K
C7110(1,3,17:20) 8.875 -
C7110(1,4,17:20) 0. -
C7110(2,1,17:20) 10000. K

Vapor Diffusivity Constants

2.5.20 C7111(1,1) 4.055
�

A
C7111(2,1) 229.0 K

C7111(1,2:3) 3.617
�

A
C7111(2,2:3) 97.0 K

C7111(1,4) 4.982
�

A
C7111(2,4) 550.0 K

C7111(1,5:20) 3.617
�

A
C7111(2,5:20) 97.0 K

Class Molecular Weights
Sec. 2.1 C7120(1,1) 131.3 kg/kg-mole

C7120(2,1) 131.3 kg/kg-mole
C7120(1,2) 132.905 kg/kg-mole
C7120(2,2) 149.913 kg/kg-mole
C7120(1,3) 137.34 kg/kg-mole
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Class Molecular Weights
C7120(2,3) 137.34 kg/kg-mole
C7120(1,4) 253.8008 kg/kg-mole
C7120(2,4) 253.8008 kg/kg-mole
C7120(1,5) 127.6 kg/kg-mole
C7120(2,5) 143.6 kg/kg-mole
C7120(1,6) 101.07 kg/kg-mole
C7120(2,6) 101.07 kg/kg-mole
C7120(1,7) 95.94 kg/kg-mole
C7120(2,7) 95.94 kg/kg-mole
C7120(1,8) 140.12 kg/kg-mole
C7120(2,8) 140.12 kg/kg-mole
C7120(1,9) 138.91 kg/kg-mole
C7120(2,9) 138.91 kg/kg-mole
C7120(1,10) 238.03 kg/kg-mole
C7120(2,10) 270.03 kg/kg-mole
C7120(1,11) 112.4 kg/kg-mole
C7120(2,11) 112.4 kg/kg-mole
C7120(1,12) 118.69 kg/kg-mole
C7120(2,12) 118.69 kg/kg-mole
C7120(1,13) 69.622 kg/kg-mole
C7120(2,13) 69.622 kg/kg-mole
C7120(1,14) 18.016 kg/kg-mole
C7120(2,14) 18.016 kg/kg-mole
C7120(1,15) 28.97 kg/kg-mole
C7120(2,15) 28.97 kg/kg-mole
C7120(1,16) 259.8054 kg/kg-mole
C7120(2,16) 259.8054 kg/kg-mole
C7120(1,17:20) 28.97 kg/kg-mole
C7120(2,17:20) 28.97 kg/kg-mole

Solubility of RN Classes in Water Films
Sec. 2.4.2.2 C7136(1:20) 1.0 -

Not Used with LWR COR Package
7140 - Release from Molten U-Al Pools
7141 - Solubility of Classes in Al-U Alloy
7142 - Debris Particle of Average Surface Area
7143 - Molten Fraction Criterion for Release from U-Al Pools
7144 - Temperature Criterion for Release from Intact Fuel
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7150 - SPARC-90 Model Parameters
Appendix E 7150(1) 10. -

7150(2) 5. -
7150(3) 1.E-4 -
7150(4) 25. -
7150(5) 1.E-4 -
7150(6) 25. -
7150(7) 1.E-3 -
7150(8) 25. -
7150(9) 1.E12 -
7150(10) 1.0 -

7151 - SPARC-90 Globule Size Correlation
Appendix D 7151(1,1) 3.45 -

7151(2,1) 0.46 -
7151(1,2) 0.0891 -
7151(2,2) 0.616 -
7151(1,3) 0.857 -
7151(2,3) 0.73 -

7152 - SPARC-90 Bubble Size/Shape Model
E-1 7152(1) 0.007 m

7152(2) -0.2265 -
7152(3) 0.0203 -
7152(4) 0.0313 -
7152(5) 0.5 -

E-2 7152(6) 0.817 -
7152(7) 1.13466 cm-1

7152(8) -0.3795 cm-2

7153 - SPARC-90 Bubble Rise Velocity Model
E-3 7153(1) 7.876 cm/s

7153(2) 0.5 cm
7153(3) 1.40713 -
7153(4) 0.49275 -

7154 - SPARC-90 Swarm Velocity Model
E-5 7154(1) 5.33 liter/s

7154(2) 3.011E-3 liter-s/cm2

7154(3) 0.5 -
7154(4) -3.975E-4 cm-1



RN Package Reference Manual

Rev 2 RN-RM-120 NUREG/CR-6119

7154 - SPARC-90 Swarm Velocity Model
7154(5) 170. cm/s

7155 - SPARC-90 Particle Impaction Model
D-11 7155(1) 1.79182 -

7155(2) 3.3437E-11 -
7155(3) 5.9244E-3 -
7155(4) 0.65868 -

D-12 7155(5) 1.13893 -
7155(6) 1.4173E-6 -
7155(7) 4.25973E-3 -
7155(8) 0.99 -

7156 - SPARC-90 Solute Ionization Correlations
E-12 7156(1) 1.79417 -

7156(2) -3.34363 -
7156(3) 0.021 -
7156(4) 1.63439 -
7156(5) 4.30022 -
7156(6) 1.75467 -
7156(7) 20.7974 -
7156(8) -0.002321 -
7156(9) 25. C
7156(10) 2.0 -

7157 - SPARC-90 Settling Velocity Correlation
E-19 7157(1) 9.6 -

7157(2) 27.00 -
7157(3) 1./1.130 -
7157(4) 93.6 -
7157(5) 24.32 -
7157(6) 1./1.227 -
7157(7) 410. -
7157(8) 15.71 -
7157(9) 1./1.417 -
7157(10) 1.07E4 -
7157(11) 6.477 -
7157(12) 1./1.609 -
7157(13) 2.45E5 -
7157(14) 1.194 -
7157(15) 1./1.867 -
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7158 - SPARC-90 HOI Correlation
F-4 7158(1) -1388.89 K

7158(2) 6.461 -

7159 - SPARC-90 I2 Chemistry Model Parameters
Appendix F 7159(1) 1.3882E-3 -

7159(2) 3279.3 K
7159(3) 7.7606 moles-1

7159(4) 1370. K
7159(5) 1.0423E-2 moles2

7159(6) -7148. K
7159(7) 4.2271E-9 moles
7159(8) -1748.5 K
7159(9) 1.56531E-13 moles2

7159(10) 5462.81 K
7159(11) -1.87376E6 K2

7159(12) 1.E-6 moles/cm3

7159(13) 1.E-3 -

7160 - Chemisorption Rate Coefficients
2.9.2 C7160(1,1) 0.139 m/s

C7160(2,1) 5.96e7 J/kg
C7160(1,2) 0.035 m/s
C7160(2,2) 5.96e7 J/kg
C7160(1,3) 2.0e-7 m/s
C7160(2,3) 0.0 J/kg
C7160(1,4) 2.0e-6 m/s
C7160(2,4) 0.0 J/kg
C7160(1,5) 5.5e-7 m/s
C7160(2,5) 2.49e7 J/kg
C7160(1,6) 9.0e-10 m/s
C7160(2,6) 3.39e7 J/kg

7170 Hygroscopic Aerosol Sensitivity Coefficients
Reference Coefficient Value Units

C7170(1,1) 273.0 K
C7170(2,1) 373.0 K
C7170(3,1) 0.0 Kg/kg H2O
C7170(4,1) 0.0 Kg/kg H2O
C7170(5,1) 600.0 K
C7170(6,1) 647.0 K
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7170 Hygroscopic Aerosol Sensitivity Coefficients
Reference Coefficient Value Units

C7170(7,1) 2 ions/molecule
C7170(8,1) 0 Ions/molecule
C7170(9,1) 1.0 Kg/m3

C7170(1,2) 273.0 K
C7170(2,2) 373.0 K
C7170(3,2) 3.95 Kg/kg H2O
C7170(4,2) 3.95 Kg/kg H2O
C7170(5,2) 600.0 K
C7170(6,2) 647.0 K
C7170(7,2) 2 ions/molecule
C7170(8,2) 0 Ions/molecule
C7170(9,2) 3675.0 Kg/m3

C7170(1,3) 273.0 K
C7170(2,3) 373.0 K
C7170(3,3) 0.0 Kg/kg H2O
C7170(4,3) 0.0 Kg/kg H2O
C7170(5,3) 600.0 K
C7170(6,3) 647.0 K
C7170(7,3) 2 ions/molecule
C7170(8,3) 0 Ions/molecule
C7170(9,3) 5720.0 Kg/m3

C7170(1,4) 273.0 K
C7170(2,4) 373.0 K
C7170(3,4) 0.0 Kg/kg H2O
C7170(4,4) 0.0 Kg/kg H2O
C7170(5,4) 600.0 K
C7170(6,4) 647.0 K
C7170(7,4) 2 ions/molecule
C7170(8,4) 0 Ions/molecule
C7170(9,4) 1.0 Kg/m3

C7170(1,5) 273.0 K
C7170(2,5) 373.0 K
C7170(3,5) 0.0 Kg/kg H2O
C7170(4,5) 0.0 Kg/kg H2O
C7170(5,5) 600.0 K
C7170(6,5) 647.0 K
C7170(7,5) 2 ions/molecule
C7170(8,5) 0 Ions/molecule
C7170(9,5) 5680.0 Kg/m3

C7170(1,6) 273.0 K
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7170 Hygroscopic Aerosol Sensitivity Coefficients
Reference Coefficient Value Units

C7170(2,6) 373.0 K
C7170(3,6) 0.0 Kg/kg H2O
C7170(4,6) 0.0 Kg/kg H2O
C7170(5,6) 600.0 K
C7170(6,6) 647.0 K
C7170(7,6) 2 ions/molecule
C7170(8,6) 0 Ions/molecule
C7170(9,6) 6970.0 Kg/m3

C7170(1,7) 273.0 K
C7170(2,7) 373.0 K
C7170(3,7) 0.0 Kg/kg H2O
C7170(4,7) 0.0 Kg/kg H2O
C7170(5,7) 600.0 K
C7170(6,7) 647.0 K
C7170(7,7) 2 ions/molecule
C7170(8,7) 0 Ions/molecule
C7170(9,7) 7440.0 Kg/m3

C7170(1,8) 273.0 K
C7170(2,8) 373.0 K
C7170(3,8) 0.0 Kg/kg H2O
C7170(4,8) 0.0 Kg/kg H2O
C7170(5,8) 600.0 K
C7170(6,8) 647.0 K
C7170(7,8) 2 ions/molecule
C7170(8,8) 0 Ions/molecule
C7170(9,8) 7000.0 Kg/m3

C7170(1,9) 273.0 K
C7170(2,9) 373.0 K
C7170(3,9) 0.0 Kg/kg H2O
C7170(4,9) 0.0 Kg/kg H2O
C7170(5,9) 600.0 K
C7170(6,9) 647.0 K
C7170(7,9) 2 ions/molecule
C7170(8,9) 0 Ions/molecule
C7170(9,9) 6510.0 Kg/m3

C7170(1,10) 273.0 K
C7170(2,10) 373.0 K
C7170(3,10) 0.0 Kg/kg H2O
C7170(4,10) 0.0 Kg/kg H2O
C7170(5,10) 600.0 K
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7170 Hygroscopic Aerosol Sensitivity Coefficients
Reference Coefficient Value Units

C7170(6,10) 647.0 K
C7170(7,10) 2 ions/molecule
C7170(8,10) 0 Ions/molecule
C7170(9,10) 10960.0 Kg/m3

C7170(1,11) 273.0 K
C7170(2,11) 373.0 K
C7170(3,11) 0.0 Kg/kg H2O
C7170(4,11) 0.0 Kg/kg H2O
C7170(5,11) 600.0 K
C7170(6,11) 647.0 K
C7170(7,11) 2 ions/molecule
C7170(8,11) 0 Ions/molecule
C7170(9,11) 8150.0 Kg/m3

C7170(1,12) 273.0 K
C7170(2,12) 373.0 K
C7170(3,12) 0.0 Kg/kg H2O
C7170(4,12) 0.0 Kg/kg H2O
C7170(5,12) 600.0 K
C7170(6,12) 647.0 K
C7170(7,12) 2 ions/molecule
C7170(8,12) 0 Ions/molecule
C7170(9,12) 6446.0 Kg/m3

C7170(1,13) 273.0 K
C7170(2,13) 373.0 K
C7170(3,13) 0.0 Kg/kg H2O
C7170(4,13) 0.0 Kg/kg H2O
C7170(5,13) 600.0 K
C7170(6,13) 647.0 K
C7170(7,13) 2 ions/molecule
C7170(8,13) 0 Ions/molecule
C7170(9,13) 2520.0 Kg/m3

C7170(1,14) 273.0 K
C7170(2,14) 373.0 K
C7170(3,14) 0.0 Kg/kg H2O
C7170(4,14) 0.0 Kg/kg H2O
C7170(5,14) 600.0 K
C7170(6,14) 647.0 K
C7170(7,14) 2 ions/molecule
C7170(8,14) 0 Ions/molecule
C7170(9,14) 1000.0 Kg/m3
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7170 Hygroscopic Aerosol Sensitivity Coefficients
Reference Coefficient Value Units

C7170(1,15) 273.0 K
C7170(2,15) 373.0 K
C7170(3,15) 0.0 Kg/kg H2O
C7170(4,15) 0.0 Kg/kg H2O
C7170(5,15) 600.0 K
C7170(6,15) 647.0 K
C7170(7,15) 2 ions/molecule
C7170(8,15) 0 Ions/molecule
C7170(9,15) 2250.0 Kg/m3

C7170(1,16) 273.0 K
C7170(2,16) 373.0 K
C7170(3,16) 0.44 Kg/kg H2O
C7170(4,16) 2.25 Kg/kg H2O
C7170(5,16) 600.0 K
C7170(6,16) 647.0 K
C7170(7,16) 2 ions/molecule
C7170(8,16) 0 Ions/molecule
C7170(9,16) 4510.0 Kg/m3

Appendix B:  Agglomeration Kernels

The agglomeration kernels currently implemented in the MELCOR implementation of
MAEROS are summarized in this appendix.  These kernels are those that are
recommended by Powers, Sprung, and Leigh [1].

Brownian
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µ = values for air; from the Material Properties (MP) package

Gravitational
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Nomenclature
cm particle slip coefficient
cs particle sticking coefficient
ct thermal accommodation coefficient
C particle mobility
d particle diameter
D diffusion coefficient
k Boltzmann constant
kg/ks ratio of thermal conductivity of the gas over that for the particle
Kn Knudsen number
m particle mass
Mw molecular weight
P pressure
T temperature
V volume

Greek:
β coagulation kernel (m3/s)

Tε turbulence dissipation density
ρ density
µ viscosity
λ mean free path
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Greek:
γ agglomeration shape factor
χ dynamic shape factor

Subscripts
b bulk
g gas (air assumed)
i,j particle identifier
p particle
s steam
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Appendix C:  Aerosol Surface Area

The aerosol surface area is used for fission product vapor condensation and evaporation
of aerosols.  The general equation for the surface area is:

n(x)A(x)dxA
x

x
T �=

2

1

(C.1)

where

AT total surface area
A(x) area of a particle as a function of x
n(x) number of particles as a function of x

MAEROS assumes that the aerosol size distribution in each section is constant with
respect to the natural log of the mass, so the number density can be expressed as
(Gelbard [7]):
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A and m can be expressed in terms of ln m as follows:
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Equation (C.1) becomes



RN Package Reference Manual

Rev 2 RN-RM-130 NUREG/CR-6119

( ) ( ) ( )mdm 
mm 

M  A
m

m

/ 

T ln lnexp
ln4

34 3
1

ln

ln12

32 2

1

−��
�

�
��
�

�= �πρ
π (C.7)

and, after integration,
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Appendix D:  Pool Scrubbing Vent Exit Region Modeling

D.1 Globule Formation

The initial globules formed have a unique size given by a correlation relating the
normalized globule volume to the Weber number for each vent type considered.  The
correlation is

b
n Weav ⋅= (D.1)
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where

σ
ρ 2

   ool VDWe = (D.3)

and

ρ l pool liquid density,
σ pool liquid surface tension,
Do vent equivalent diameter, and
Vo exit velocity of the gas.

It is assumed that ( ) 24 oo D/VQ π= , where Q is the gas volumetric flow rate at the vent in
equilibrium with the pool conditions at the vent depth.  The default correlation constants
implemented in sensitivity coefficient array 7151 are:

Vent a b Source
Multiple small holes 3.45 0.46 EPRI program
Downcomer 0.0891 0.616 PNL with EPRI data
Horizontal vent 0.857 0.73 EPRI program

These correlations only apply to inlet gases containing noncondensible gases.  Very high
steam fractions provide for residual bubbles.  High steam fractions have a “cone”-shaped
region that does not detach from the vent.
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The globule diameter decreases linearly to zero over a distance of twelve times its initial
value:
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where x has a value of zero at the elevation of the vent exit.

D.2 Vent Exit Region Scrubbing Models

In the vent exit region, aerosol capture occurs because of: 

(1) Stefan flow from steam condensation during gas equilibration to pool conditions,

(2) inertial impaction of aerosol particles in rapidly decelerating gas flow, and

(3) centrifugal, diffusional and gravitational particle deposition during gas injection
through small orifice, multihole vents.

D.2.1 Steam Condensation

It is assumed that the fraction of particles removed by steam condensation during globule
breakup at the vent exit is simply equal to the fractional loss in gas volume caused by
condensation at the temperature and pressure of the pool at the vent depth:

i

o
EC X

XDF = (D.5)

where Xi is the mole fraction of noncondensible gas in the inlet gas and Xo is the mole
fraction of noncondensible gas in the gas after equilibration.  Xi is determined from the flow
composition in the vent provided by the FL package, and Xo is given by

( )
plsurf

psat
o ghP

TP
X

ρ+
−= 1 (D.6)

where Tp, Psurf and hp are the pool temperature, pressure at the pool surface and pool
depth at the vent exit, respectively.  DFEC is limited to a minimum value of one.
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For iodine vapor scrubbing the value of DFEC calculated above may need to be reduced
significantly.  The concentration of iodine in the condensate may not exceed the product
of the equilibrium partition coefficient and the concentration of iodine in the vapor state
remaining in the bubbles.  Hence, if the concentration of iodine in the condensate would
exceed the equilibrium value consistent with the partition coefficient when iodine removal
is assumed to be proportional to the volumetric reduction factor (DFEC), then iodine vapor
scrubbing will not occur to the extent given by DFEC.  Rather, the decontamination factor
for vapor scrubbing will be given by
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so that DFEC,vap is less than DFEC if ( ) ,1/ <lvvapH ρρ  and equal to DFEC otherwise. 
(Additional vapor diffusion into the aqueous phase is considered to be too slow with
respect to the time scale of steam condensation to increase DFEC,vap above DFEC in those
cases where ( )lvvapH ρρ /  exceeds unity.)

D.2.2 Inertial Impaction

If gas leaves the vent exit at a high velocity, the initial globules rapidly lose that velocity.
The forward globular interface, as it slows and stops, can capture particles if they have
sufficient inertia.  Inertia of particle size i is represented by the Stokes number

o
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i D
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where

di particle diameter
ρ i particle density
Ve vent exit gas velocity (before equilibration with pool)
µ gas viscosity
Do vent exit orifice diameter

The DF for this impaction process is

i
illDF

α−
=

1
1

, (D.9)
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where
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and

( )( )
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 < 0.65868 if10 1.41731.13893  =  
31025973.46
−⋅−×α (D.11)

The constants in these correlations have been implemented in sensitivity coefficient array
7155, and the maximum value of iα  permitted is constrained to 0.99, which is also
included in sensitivity coefficient array 7155.  The importance of inertial impaction is
minimal unless near-sonic values of Ve occur.

D.2.3 Centrifugal, Diffusional and Gravitational Deposition

Centrifugal, diffusional and gravitational particle deposition are only evaluated in the vent
exit region for small orifice, multihole vents (MVENT=1 on input record RN2PLSXX).  The
bases for the model are assumptions about the vent injection bubble geometry and velocity
relative to pool liquid.

Particle scrubbing is evaluated in two connected time intervals.  The injection interval is
defined as the time it takes to fill the globule and is given by

oo

g
fill VD

D
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3
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π

π

τ = (D.12)

During the detached globule interval, which follows the injection interval, the globule is
slowed by drag forces.  This interval is assumed to be three times the characteristic
stopping time, which is the time required for the drag force to nullify the bubble momentum
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gg
stop Vf

D
ρ
ρ

τ
3
4

= (D.13)

where f, the friction factor, has a hard-wired value of 0.2.  It is assumed that the final
detached injection globule is spherical (of diameter Dg) and during globule formation, the
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forming globule is elongated with a hemispherical front of diameter Do (orifice diameter)
moving at velocity Vo relative to the bulk liquid.

For each particle size, denoted by subscript i, the centrifugal deposition velocity is
calculated by scaling the gravitational settling velocity by the ratio of the centrifugal
acceleration to the gravitational acceleration.  The gas circulation velocity is assumed to
equal the injection velocity and the radius of curvature is equal to the circular vent radius.
The decontamination factors during the injection and detached globule periods are
proportional to the ratio of the volumes swept to the globule surface by centrifugal velocity
to the total globule volume.  The values are given by
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where Vc,i is given by Equation (E.20) with rc = Do/2 and Vs = Vo.  The method used to
determine the settling velocity, Vg,i, is also described in Section E.3 below.

Particle deposition from Brownian diffusion during the injection and detached globule
periods is modeled using film penetration theory, which is discussed in Section E.2 below.
The decontamination factor during each period is proportional to the ratio of the volume
swept to the globule surface by Brownian diffusion to the total globule volume.  For each
particle size, the decontamination factors are given by
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Particle deposition from gravitational settling during the injection and detached globule
periods both use a settling velocity based on Stokes’s law for small particles and an
empirical correlation based on the Reynolds number for larger particles.  These
correlations are presented in Section E.3 below.  For each particle size, the
decontamination factors are given by
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where the average settling area, sA , during injection is equal to one half the final settling
area of the horizontally oriented bullet-shaped globule given by
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The overall decontamination factor resulting from centrifugal, diffusional and gravitational
deposition, DFER,i, which is used in Equation 2.7.3 in Section 2.7.1, is given by

g,iiDc,iER,i DFDF= DFDF ⋅⋅ , (D.18)
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Appendix E:  Pool Scrubbing Swarm Rise Region Modeling

The primary modeling objective in the swarm rise region is to determine how evolving
thermal-hydraulic conditions within the bubbles affect the removal of particulate aerosols
and iodine vapors from the bubble.  This is achieved by dividing the total rise height (the
distance between the vent exit and the pool surface) into several equal sections (given by
XNRISE implemented in sensitivity coefficient array 7150 with a default value of 10.), and
then marching upward to update the thermal-hydraulic conditions in each section to
evaluate the incremental removal in each section.  In this procedure it is assumed that the
swarm velocity is constant, so that the bubbles spend the same amount of time in each
section.

E.1 Bubble Characteristics

The bubbles are modeled as oblate spheroids with an equivalent spherical diameter, dvm,
of 0.7 cm (this default value can be adjusted through sensitivity coefficient array C7152),
if they contain no steam initially.  The presence of steam reduces dvm as follows

( ) 2/10313.00203.02265.0107.0 ncx
vmd ++−⋅= (E.1)

The constants in Equation (E.1) re implemented in sensitivity coefficient array 7152.  The
shape of the bubble is calculated using the following correlation

237950134661841070 vmvm  d. d..= 
b
a −+ (E.2)

where a and b are the lengths of the major and minor axes of the oblate spheroid,
respectively.  (NOTE: The SPARC-90 documentation erroneously had a/b inverted as b/a.)
This correlation was established for 0.15 ≤  dvm ≤1.3 cm.  All bubbles smaller than 0.15 cm
are spheres (a/b = 1), and bubbles larger than 1.3 cm have a/b = 1.675.  The constants in
Equation (E.2) are implemented in sensitivity coefficient array 7152.

The bubble rise velocity relative to the liquid is given by the following correlation
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The constants in Equation (E.3) have been implemented as sensitivity coefficient array
7153. The swarm rise velocity is given by the average of the correlation value at the depth
of the vent exit and at the pool surface

( ) ( )[ ]psss hxVxVV =+=⋅= 05.0 (E.4)

where

( ) ( )[ ] [ ] (cm/s)10975.3110011.3/33.5 42/13 xQxV ss
−− ⋅−⋅+= � (E.5)

where sQ�  is the total gas volumetric flow rate (liter/s) at depth hp/2, and the depth, x, is
measured in cm.  (NOTE:  In the SPARC-90 documentation, Equation (E.4) is erroneous.)

sV is limited to a maximum value of 170. cm/s, which is implemented in sensitivity
coefficient array 7154 along with the constants that appear in Equation (E.5).

E.2 Bubble Heat and Mass Transfer

During each spatial step the change in the internal energy of the gas in the bubbles is
tracked by evaluating iteratively the work performed by bubble expansion and the heat and
mass transfer from the pool to the bubble across the bubble boundary.  Because the stable
size of the bubbles is assumed to remain constant, as the bubbles expand as the static
pressure decreases during their ascent, they are assumed to multiply by splitting.  The
particle concentration (g/cm3) in the bubbles decreases as a result of bubble multiplication
to conserve mass.  Bubble expansion during each step is evaluated by assuming that the
bubble is isothermal and that the increase in volume is inversely proportional to the
decrease in satatic head (i.e., by assuming ideal gas behavior).

The work done by the expanding bubble during each step is also evaluated by assuming
ideal gas behavior and is given by
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where ∆Mevap is the net increase in vapor mass from evaporation into the bubble minus
condensation onto particles in the bubble during the spatial step and Mt is the sum of the
steam and noncondensible mass in the bubble.

Heat and mass transfer rates between the pool and rising bubbles are based on
penetration theory, in which it is assumed that the top-to-bottom gas circulation in the
bubble establishes a quasi-steady boundary layer with the leading edge at the top of the
bubble.  The transport velocity through the boundary layer at a distance �  from the leading
edge of the boundary layer is then given by
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where αφ =D  (thermal diffusivity of boundary layer fluid) for heat transfer, iDD =φ  (mass
diffusivity or diffusion coefficient of species i through the boundary layer) for mass transfer,

�
V is the gas circulation velocity parallel to the boundary layer and 

�
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termed the “exposure” time of the surface.  The heat transfer coefficients from the pool and
bubble to the pool/bubble interface are
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respectively; and the rate of evaporation at the pool/bubble interface is
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where the subscript s indicates that the term is evaluated at the pool/bubble interface.

The rates of condensation and evaporation of water on aerosol particles will be determined
by using the Mason equation
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which gives the time rate of change of the radius, r, of the aerosol particle as a function of
the difference between the actual saturation ratio, S (defined as Pv/Psat(T) inside the
bubble), and its equilibrium value, Sr.  a, b and Sr in Equation (E.10) are given by
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The heat and mass transfer equations are solved iteratively during each spatial step in the
bubble’s ascent.  During each iteration, the heat and mass transfer rates over the bubble
surface are numerically integrated by dividing the surface from °0 at the top of the bubble
to °180  at the bottom of the bubble into a number (XNCIRC, with a default value of 5.
implemented in sensitivity coefficient array 7150) of equally spaced latitudinal strips.  The
heat and mass transfer over all the strips are summed to obtain the integral values, and
the exposure time, τ e , associated with each strip is saved for use in calculating
decontamination factors after the thermal-hydraulic calculations.  There are actually three
separate iterations to determine the end-of-step values of saturation ratio, S, and the
vapor/aerosol temperature, Tb, inside the bubbles.  The error tolerances and iteration limits
associated with these calculations for saturation, energy and temperature are implemented
in sensitivity coefficient array 7150, and have default values that normally yield reasonable
accuracy with acceptable computational cost.

E.3 Particle Scrubbing in the Bubbles

Particle scrubbing in the bubbles is the result of a net flux of particles to the bubble
boundary, where they are assumed to be absorbed into the pool with perfect efficiency.
The decontamination factor during a time interval is defined to be the mass of particles in
the bubble at the beginning of the interval divided by the mass of particles in the bubble
at the end of the interval.  It is assumed that particle removal in the bubble can be modeled
as a first-order process as follows:
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where ci is the concentration of particles of size i in the bubble, vb is the bubble volume and
Vn,i is the velocity of the particles normal to (toward) the surface of the bubble, Asurf. The
decontamination factor during a time interval, ∆ t, is obtained from the solution to this
equation and is given by
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tDF insurf
b

iBB ,, exp (E.13)

The particle velocity normal to the surface is given by the normal component of the vector
sum of the velocities associated with the individual deposition mechanisms

vigiDicjn V  VVVV −−+= βcos,,,, (E.14)

where β  is the angle between the normal vector and vertical.  For the assumed elliptical
geometry (the cross section of an oblate spheroid), β  is given by
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2
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where θ  is the polar angle between the vertical and the ray that runs from the origin to the
given point on the ellipse (θ  runs from 0 to π  from the top to the bottom of the bubble).

For particles with a diameter less than about 70 microns, the gravitational settling velocity,
Vg,i, follows Stokes’s law and is given by
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V = (E.16)

where Si is the Cunningham slip correction factor.  For larger particles, a set of empirical
correlations is used to determine the Reynolds number, from which Vg,i follows
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The centrifugal capture velocity, Vc,i, can be obtained from the gravitational settling velocity
by scaling it by the ratio of the centrifugal acceleration to the acceleration of gravity (even
though the original derivation is based on the concept of particle mobility)
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The local surface velocity, Vs, is calculated by assuming that flow around the rising bubbles
is essentially steady three-dimensional, axisymmetric, inviscid, incompressible, irrotational
(potential) flow around an oblate spheroid.  The stream function, ψ , for this flow can be
found by solving the irrotational vorticity equation ( )0 V x =∇  with ( )σ/ , , x V Ψ∇= 00 chosen
to satisfy the continuity equation ( )0=•∇ V  identically.  The solution is effected by using
a conformal mapping to transform the equations from cylindrical (radial coordinate σ ) to
elliptical coordinates.  (It can be shown that the equations reduce to those for flow around
a sphere as 1  a/b → .)  Vs and the radius of curvature of the surface, rc, which are used to
calculate centrifugal acceleration in Equation (E.20) above are given by the following
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where

sinhξ o [ (a/b)2 – 1 ]-1/2

coshξ o [ 1 – (b/a)2 ]-1/2

r [ (sinθ /a)2 + (cosθ /b)2 ]-1/2   (radial coordinate)
θ spherical polar coordinate  )(0 πθ ≤≤

Note that Vs is presented in spherical coordinates rather than the elliptical coordinates used
in the derivation.

The local diffusional deposition velocity, VD,i, from Brownian diffusion can be estimated
from penetration theory of mass transfer
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where the diffusion coefficient for the aerosol particles, Di, can be calculated using the
Stokes-Einstein equation

  
D

TSkD
i

iB
i πµ3
= (E.23)

where kB is the Boltzmann constant and T is the gas temperature in the bubble.  The
exposure time of the moving surface, eτ , in Equation (E.22) is the integrated value of the
arc length divided by the local surface velocity starting from 0=eτ . at the top of the bubble.
When evaporation is occurring at the surface of the bubble, the diffusion velocity from
Equation (E.22) is reduced as follows

iDiiD VV ,,  ξ=′ (E.24)
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where

)  1.85 (- exp - 2
) (- exp  

i

2
i

φ
φξ =i (E.25)

and the parameter φ  is equal to Vv/VD,i.

The normal component of the deposition velocity given by Equation (E.14) is limited to a
minimum value of VD,i and then integrated over the entire bubble surface in Equation (E.13)
to get DFBB,i, which is used in Equation 2.7.2 in Section 2.7.1.
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Appendix F:  Iodine Vapor Scrubbing in the Swarm Rise Region

In the swarm rise region, the scrubbing of I2 and CH3I is controlled by diffusion of those
species.  The resistance to diffusion on both sides of the pool/bubble interface is
considered to evaluate effective diffusion velocities through the gas and through the liquid.
As discussed in Appendix D, in the swarm rise region it is assumed that bubble circulation
continually renews the bubble interface and that the film theory of mass transfer resistance
holds on both sides of the interface.  Because the boundary layer thickness and mass
transport through it are functions of the angular position around the rising bubbles, the
decontamination factors for each spatial rise step must be evaluated by numerically
integrating diffusion velocity over the polar angle of the assumed spherical bubble
geometry.  Hence, the decontamination factors are given by Equation (E.13) with the
particle deposition velocity, Vn,i, replaced by the gaseous diffusion velocities for I2 and
CH3I, VD,j (j = I2 or CH3I), given by (brackets refer to concentrations)
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where the subscript i indicates the concentration is evaluated at the gas/liquid interface.
[ ]

ij(g)l is determined by equating the concentration flux from the gas to the interface with the
flux from the interface to the pool as follows

[ ] [ ]( ) [ ] [ ]( )�−′′=−′′ j(aq)ij(g)jjD(g),ij(g)j(g)jD(g), ll)H(I V  llV (F.2)

where (g) and (l) indicate the diffusion coefficient applies to the gas and liquid phase,
respectively, and H(lj)is the partition coefficient for species j.  Gaseous concentrations in
the bubble are updated after each spatial step.  However, it is assumed that the total iodine
concentration in the pool does not change significantly during the transit time of bubbles
(vent depth divided by average swarm velocity) so that its value is updated only at the
beginning of each MELCOR system timestep.
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The total liquid molar concentration of iodine is given by

[ ] [ ] [ ]++++=� OIH 0.5 + ] O I H [ 0.5 I] I [ 1.5] I [ 5.0I 22(aq)
-
3

-
2(aq) (F.3)

CH3I is the only organic iodine species considered, and its temperature-dependent partition
coefficient is given by the following correlation:

10
TH 6.461 + 1388.89/T-IO = (F.4)

and the constants in the exponent of the denominator have been implemented as
sensitivity coefficient array 7158.  The partition coefficient of inorganic iodine, H(I2), is
updated during each spatial step by determining the pool equilibrium inorganic iodine
species concentrations and solving for H(I2) as follows
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where K1 is the equilibrium constant for the first reaction listed in Equation (F.6) below.

Hence, in the SPARC-90 treatment of I2 vapor scrubbing, the major task involves
determining the equilibrium concentrations of inorganic iodine species, which can be used
to calculate an appropriate value of H(I2) from Equation (F.5).  The equilibrium
concentrations of the inorganic iodine species are obtained by considering a limited set of
chemical reactions involving inorganic iodine.  At equilibrium, this set of reactions yields a
set of simultaneous algebraic equations that relate the equilibrium concentrations of the
various reactants and products to one another.  The solution of this set of equations
determines the required equilibrium concentrations of the inorganic iodine species.

In SPARC-90 it is assumed that the equilibrium concentration of the most important
inorganic iodine species is determined by the equilibrium solution for the following set of
fast reactions
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Slow aqueous reactions that affect the concentrations of these species, including radiation-
induced pH changes, are not modeled in SPARC-90.  However, if accident sequences
provide excess CsOH as expected (pH remains high), the models might still be adequate.

At equilibrium the relationship between the reactants and products in Equation (F.6) is
given by

[ ] [ ]
(eq)2(g)1(eq)2(aq) I K  I = (F.7)

[ ] [ ] [ ](eq)(eq)2(aq)2(eq)3 II KI −− = (F.8)

[ ] [ ] [ ] [ ]
(eq)2(aq)3(eq)(eq)

-
(eq) IKHIOIH =+ (F.9)

[ ] [ ] [ ]
(eq)2(aq)4(eq)

-
(eq)2 IKIOIH =+ (F.10)

[ ] [ ] 5(eq)
-

(eq) KOHH =+ (F.11)

When Equation (F.10) is solved for [H2OI+](eq) and the result is substituted into Equation
(F.3) along with Equation (F.8) for [ ] )eq(3I

−  the result is [where subscript (eq) is henceforth
suppressed]
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The electric charge balance between the reactants and products of Equation (F.6) can be
reduced to

( ) 0] H [ -] OI[H-][I ][I - ][I *
2

-
3p =+ ++−− (F.13)

where the first term in parentheses is [I-] exclusive of those ions associated with dissolved
CsI particles, [I-]p which is known and balanced by [Cs+], and [H+]* are protons released by
the third reaction in Equation (F.6) (since protons released by the fifth reaction are always
balanced by the simultaneous release of [OH-]).  Since [H+]* must be equal to [HIO]
because of the stoichiometry of the third reaction in Equation (F.6), Equation (F.14)
reduces to

( ) 0O][H -]OI[H-][I ][I - ][I 2
-
3p =+ +−− I (F.14)

Equation (F.15) can be written as

( ) [ ] [ ]
0[HIO] -

][I
IK

-][I IK ][I - ][I 2(aq)4
2(aq)2p =+ −

−−− (F.15)

by using the same substitutions that were used to reduce Equation (F.3) to Equation
(F.12).  From Equation (F.9) [HIO] becomes

[ ]
]][I[H

IK
HIO 2(aq)3

−+= (F.16)

where [H+] is given by

[ ] [ ] [ ] [ ]( )p
-- OHOHHIOH −+=+ (F.17)

The first term on the right-hand side ([HIO]) are protons released by the third reaction in
Equation (F.6) and the term in parentheses are protons released by the fifth reaction,
which also releases that portion of [OH-] exclusive of the [OH-] associated with dissolved
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CsOH ([OH-]p which is known).  Substituting Equation (F.11) into Equation (F.17) and
rearranging the result yields

( ) 0K]H[][OH[HIO] ]H[ 5p
2 =−−− +−+ (F.18)

This quadratic equation for [H+] has the solution
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which may be substituted into Equation (F.16) to give
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Equation (F.20) can be put in the form of a quadratic equation for [HIO] and solved to give
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Equation(F.21) can be substituted into Equations (F.12) and (F.15) to yield two equations
in two unknowns, [I-] and [I2(aq)], which may be solved iteratively to determine the desired
equilibrium concentrations.

A simplification to the procedure just described arises if [OH-], including [OH-]p, is very large
(pH > 9 because of large amounts of dissolved CsOH).  Then [OH-] remains essentially
constant so that [H+] is given from Equation(F.11) as

p

5+

][OH
K] H [ −= (F.22)

and Equation (F.15) becomes
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which may be written as a quadratic in [I-] as follows
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Equation (F.24) has the solution
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in terms of an assumed [I2(aq)].  Then [HIO] follows immediately from Equation (F.16) and
the assumed [I2(aq)].  Now if the resulting [I-], [HIO] and assumed [I2(aq)] are substituted into
the right-hand side of Equation (F.12), the result may be compared to the known value of

[ ]� 2(aq)I  (obtained from the MELCOR RN data base at the beginning of each system
timestep).  If the discrepancy is significant, then a new value of [I2(aq)] is assumed and the
procedure is repeated until convergence is obtained.

Hence, at each spatial step in the rise of the bubbles from the vent exit region to the pool
surface, the equilibrium concentrations of all the species in Equation (F.6) are updated.
This is accomplished iteratively (with an error tolerance implemented in sensitivity
coefficient array 7159) using the equilibrium constants for each reaction (which are
temperature dependent and also implemented in sensitivity coefficient array 7159) and
requiring conservation of the total iodine mass and electric charge.
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